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W. K. 


INTRODUCTION 

This investigation deals with the phase 
equilibria, at high temperatures but at 
normal pressures, of the following three 
rock-forming silicates: calcium metasili- 
cate CaSiO,, calcium-aluminum silicate 
CaAl,Si,Og, and sodium-aluminum ortho- 
silicate NaAlSiO,. These compounds do 
not occur pure in nature; nevertheless, 
they are dominant in the rock-forming 
minerals wollastonite, anorthite, and 
nepheline, respectively. The melting and 
inversion phenomena of the individual 
silicates were not studied by the writer, 
since these data are available from previ- 
ous studies. For the same reason the 
three binary systems that can be formed 
of these three components were not in- 
vestigated except in special compositions, 
to be discussed. 

The minerals studied are of fairly 
widespread occurrence in nature. Wol- 
lastonite has perhaps the least extensive 
provenance, having been recognized 


chiefly in rocks that have undergone 
metamorphism; but it has been reported 
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ABSTRACT 


Phase equilibria at high temperatures have been investigated experimentally in the system CaSiO,- 
CaAl,Si,Os-NaAlSiO,. The results, presented in tables and equilibrium diagrams, enable a discussion of 
courses of crystallization in typical mixtures of these compounds and throw some light on the development 
and interrelations of the minerals nepheline, plagioclase, melilite, and wollastonite in rocks. 


from several localities as being a primary 
mineral resulting from the crystallization 
of magmas.’ It is especially associated 
with nepheline in some varieties of the 
alkaline suite of rocks. Pseudowollaston- 
ite is reported only once.? Anorthite, as a 
constituent of the plagioclase feldspars, is 
of prime importance in rocks. Plagio- 
clase occurs with most minerals, includ- 
ing wollastonite and nepheline. Nephe- 
line is a characteristic mineral of the 
alkaline rocks, both felsic and basic.’ Re- 
cent work has shown some nepheline 

'E. S. Bastin and J. M. Hill, “The Evergreen 
Copper Mine, Colorado,” Econ. Geol., Vol. VI (1911), 
pp. 465-72; C. E. Tilley and H. F. Harwood, “The 
Dolerite-Chalk Contact of Scawt Hill, County 
Antrim: The Production of Basic Alkaline Rocks, 
etc.,”” Min. Mag., Vol. XXII (1931), pp. 440-68; 
P. G. Sohnge, “‘Paragenesis of the Khan Pegmatite, 
South West Africa,” Trans. Geol. Soc. South Africa, 
Vol. XLIT (1939), pp. 23-34. 

2W. F. P. McLintock, “On the Metamorphism 
Produced by Combustion of Hydrocarbons in the 
Tertiary Sediments of South West Persia,” Min. 
Mag., Vol. XXIII (1932), pp. 207-28. 

3 F. D. Adams and A. E. Barlow, “Geology of the 
Haliburton and Bancroft Areas, Province of On- 
tario,” Can. Dept. of Mines, Geol. Surv. Branch, 
Mem. No. 6 (1910). 
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rocks to have formed, through a process 
analogous to granitization, from impure 
limey sediments.‘ 

The presence of free alumina in the 
system is of interest since corundum is 
another typical mineral—albeit in most 


Cad 








Naz 





again, this group is characteristic of the 
alkaline rocks. Therefore, this study may 
be of importance in connection with 
questions of the origin of alkaline rocks. 

All mixtures of the three compounds 
lie within the four-component system 








Fic. 1.—The soda-lime-alumina-silica tetrahedron. Showing the location of the system wollastonite- 
anorthite-nepheline. Compounds formed artificially are shown thus: ® ; those occurring naturally, O. 
The abbreviations signify: AB, albite; AN, anorthite; COR, corundum; GEH, gehlenite; GR, grossularite; 
JA, jadeite; LAR, larnite; MULL, mullite; NE, nepheline; Q7TZ, quartz; SILL, sillimanite; SM, sodium 


metasilicate; and WO, wollastonite. 


cases accessory—of the syenitic alkaline 
rocks. 

A mineral of the melilite group has 
been encountered in the melts, and, 


4W. K. Gummer and S. V. Burr, “The Nephelin- 
ized Paragneisses of the Bancroft Region, Ontario” 
(abstr.), Science, Vol. XCVII (1943), p. 286. 





Na,O-CaO-Al,0;-SiO,, which is _pre- 
sented in Figure 1 as the conventional 
tetrahedron. The plane of the system 
CaSiO,—CaAL,Si,0;-NaAlSi0, cuts across 
the interior of the tetrahedron. 

Sixty mixtures of the three com- 
pounds in various proportions have been 
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studied as to thermal behavior. The 
quenching method was utilized, whereby 
a small charge of a mixture is held at a 
constant temperature for a time sufficient 
to insure the establishment of equi- 
librium. Instantaneous cooling is pro- 
vided by dropping the charge into mer- 
cury, thus permitting microscopic ex- 
amination of the phases that were present 
during the run. Approximately 260 in- 
dividual runs were carried out. 


PROPERTIES OF THE COMPOUNDS 
CaSiO, 

CaSiO, has three modifications, of 
which pseudowollastonite, melting at 
1,544 C,5 and wollastonite, inverting to 
pseudowollastonite at about 1,125°C.,°are 
the mostimportant ones. Only pseudowol- 
lastonite was met with at liquidus tem- 
peratures in this study. This phase occurs 
typically in rather equant grains of near- 
hexagonal cross section and with sensibly 
parallel extinction in prismatic sections. 
Elongation is generally negative. The 
crystal symmetry is probably mono- 
clinic, with a = 1.610, 6 = 1.611, and 
y = 1.654. Polysynthetic twinning oc- 
curs in some cases. 


CaALSi,0s 

Pure CaAl,Si.O; has only one modifica- 
tion, anorthite, which melts at 1,552° C. 
It is triclinic, with a = 1.5755, B= 
1.5832, and y = 1.5885. Crystals ob- 
tained in quenches are commonly platy, 
b(oro) showing the greatest develop- 
ment; and they appear four- or six-sided 
or lathlike. Laths are commonly warped 
and twinned after the Albite Law. 


5 E. F. Osborn and J. F. Schairer, “The Ternary 
System, Pseudowollastonite-Akermanite-Gehlenite,” 
Amer. Jour. Sci., Vol. CCXXXIX (1941), p. 719. 


6 Jbid., p. 721. 
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NaAlSiO, 


NaAISiO, has at least four modifica- 
tions. Carnegieite melts at 1,526° C.,” is 
isometric at the temperature of forma- 
tion, and inverts at 690°C. to a tri- 
clinic(?) form.* The indices of the low- 
temperature form are given by Bowen? 
aS Ww = 1.509, € = 1.514; crystal form is 
generally lacking, but isometric char- 
acteristics have been observed. It is 
commonly globular and _ intricately 
twinned. 

Nepheline inverts to carnegieite at 
1,254 + 5° C.7° It is hexagonal and is 
obtained commonly with prisms and 
basal pinacoid. Rather rarely it occurs in 
clusters of'fine needles. Bowen gives the 
indices as w = 1.537, € = 1.533. The in- 
dices of the limiting solid solution of 
anorthite in nepheline, Ne¢;An,;, are w = 
1.537, € = 1.539. The sign of the nephe- 
lines obtained at liquidus temperatures 
in various mixtures has been plotted on 
the composition triangle, Figure 16. 


Ca,Al,SiO, 


The possible extent of solid solution in 
the phase termed “gehlenite” is not 
known. Gehlenite proper is tetragonal, 
with w = 1.669 and € = 1.658, and melts 
at 1,590° + 2° C.™ The crystals found in 
quench products are parallelopipeds with 
high indices, low birefringence, and posi- 
tive elongation. They are usually blocky, 
with rather indefinite elongation, though 


7N. L. Bowen, “The Binary System NaAlSiO, 
(Carnegieite, Nepheline)—CaAl,Si,O3 (Anorthite),”’ 
Amer. Jour. Sci., Vol. XXXIII (4th ser., 1912), 
PP- 551-73- 

8 N. L. Bowen and J. W. Greig, ‘The Crystalline 
Modifications of NaAISiO,,”’ Amer. Jour. Sci., Vol. 
X (5th ser., 1925), pp. 204-12. 

9 Bowen, ftn. 7 (1912). 

10 J. W. Greig and Tom F. W. Barth, “The Sys- 
tem Na,O-Al,0;-2SiO, (Nephelite, Carnegieite)— 
Na,0- Al,0;+6SiO, (Albite),’’ Amer. Jour. Sci., Vol. 
XXXV-A (5th ser., 1938), pp. 94-112. 
™! Osborn and Schairer, ftn. 5 (1941). 
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they may be tabular parallel to the base. 
Rarely, eight-sided crystals were ob- 
tained; this habit, two prisms and base, 
is characteristic of the melilite group. 
Still more rarely sections were found 
that showed the presence of three-prism 
forms. 
Beta-Al,O, 

The 6-alumina encountered has high 
relief, high birefringence, parallel ex- 
tinction, and positive elongation. G. A. 
Rankin and H. E. Merwin” gave 
the values w = 1.677 + 0.003 and ¢€ = 
1.635 — 1.650 for the phase found in 
preparations of “pure” AlLO,. £8-Al.O, 
occurs typically as thin hexagonal plates, 
but perfect form is not always developed. 
In subliquidus runs very well-formed 
crystals were found. Commonly a num- 
ber of hexagonal plates are in parallel 
orientation and optic continuity. 

Rankin and Merwin suggested that 
B-Al,O; melts at 2,050° + 20°C. The 
exact relations between a-Al],O, and B- 
ALO, are not thoroughly understood; {- 
Al,O, is apparently monotropic with re- 
spect to a-Al,O,. A considerable litera- 
ture has arisen as a result of chemical and 
X-ray investigation of the B-form, and 
the most recent work suggests that it has 
actually the composition Na,O-11Al,O,," 
analogous to another artificial compound, 
K,0-11AlL0,. 


THERMAL DATA 

THE BINARY SYSTEM CaSiO,—CaAl,Si,Og 
The system CaSiO,-CaAl,Si,0s was 
first approximated in the work of Rankin 
and Wright" on the system CaO-Al,O,- 


2“The Ternary System, CaO-Al,0,;-MgO,” 
Jour. Amer. Chem. Soc., Vol. XX XVIII (1916), pp. 
568-88. 

13 C, A. Beevers and M. A. S. Ross, ‘The Crystal 
Structure of ‘Beta Alumina,’ ”’ Zeitschr. f. Kryst. u. 
Min., Vol. XCVII (1937), pp. 59-66. 

14G. A. Rankin and F. E. Wright, ‘““The Ternary 
System, CaO-Al,0;-SiO,,”” Amer. Jour. Sci., Vol. 
XXXIX (4th ser., 1915), pp. 1-79. 
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SiO,. Recently Osborn has made a more 
detailed study of the thermal relations 
between the two compounds and places 
the eutectic at 1,307° C. Two Japanese 
students'’ placed the eutectic between 
pseudowollastonite and anorthite at 
1,283° C. Osborn’s results (Fig. 2) have 
been accepted by the writer as more 
accurate and in agreement with the 
present results. 


THE BINARY SYSTEM CaSiO,—NaAlSiO, 

The system CaSiO,-NaAlSiO, was in- 
vestigated by W. R. Foster,”® the results 
of whose studies are shown in Figure 3. 
The melting-point of pseudowollastonite 
was taken from the work of Osborn and 
Schairer"’ as 1,544° C., and the melting- 
point of carnegieite from the work of 
Bowen" as 1,526° C. The eutectic com- 
position as determined by Foster is about 
58 per cent nepheline at a temperature of 
1,164° C. However, he himself states 
that some glass was still present a few 
degrees below this temperature. The 
writer made determinations on three mix- 
tures of this system and found that glass 
first formed from devitrified mixtures at 
a temperature of 1,155° + 2°C. Small 
amounts of glass could well escape notice; 
therefore the temperature may be still 
lower. 

The break on the liquidus caused by 
the inversion of nepheline to carnegieite 
occurs at 1,267° C., 13° higher than the 
figure for the pure compound. That rise 
is due to solid solution in the nepheline, 
or, if in both nepheline and carnegieite, 
then to a greater extent in the nepheline. 
Foster suggests that between 5 and 10 

"5K. Iwase and U. Nisioka, “The System Ca- 
TiSiO,-CaSiO,;—CaAl,Si,Os,”” quoted in Jour. Cer. 
Soc., Vol. XXI (1938), Suppl., p. 145. 

16“The System NaAlSi,Os—-CaSiO,—NaAlSiO,,” 
Jour. Geol., Vol. L. (1942), pp. 152-73. 

17 Osborn and Schairer, ftn. 5 (1941). 


18 Bowen, ftn. 7 (1912). 
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Fic. 2.—Phase relations in the binary system CaSiO,—CaAl,Si,Os (after Osborn and Schairer) 
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Fic. 3.—Phase relations in the system CaSiO,—NaAlSiO, (after Foster) 
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per cent CaSiO, may be taken into solid 
solution by nepheline. From a consider- 
ation of the reaction 


CaSiO, + NaAlSiO, 
= CaAl,Si,0; + Na,SiO,; 


it seems likely that the substance that is 
responsible for the rise of the inversion 
temperature is CaAl,Si,Os. The ability of 
nepheline to hold considerable anorthite 
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parture from binary behavior, although 
perhaps not of great degree. The liquid 
would leave the system as a result of this 
effect and at once enter the system 
Na,SiO,-CaSiO,—NaAlSiO,. 

The inversion of pseudowollastonite to 
wollastonite occurs at a subliquidus tem- 
perature, placed by Foster at 1,124° C. 
on the basis of results obtained in the 
system NaAlISi,Os-CaSiO;. An attempt 
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Fic. 4.—Phase relations in the system CaAl,Si,Os—-NaAlSiO, (after Bowen), with modifications after 
Schairer and the writer. The solid dots represent heating-curve breaks; the circles, quenching results. 


in solid solution is known. The result of 
this reaction is to liberate sodium meta- 
silicate, which will accumulate in the 
rest-liquid, since it does not enter into 
nepheline in solid solution.’? It does, how- 
ever, form solid solutions with carnegie- 
ite, and this introduces a peculiar com- 
plication requiring further discussion 
later. 

If anorthite separates in a nepheline 
solid solution, there is necessarily a de- 


9 C. E. Tilley, “The Ternary System, Na,SiO,- 
Na,Si,0;-NaAlSiO,,” Min. u. petrog. Mitt., Vol. 
XLII (1933), pp. 406-21. 





by Foster to obtain a compound such as 
the one-to-one molar compound between 
wollastonite and nepheline, which would 
be of melilite type, was unsuccessful. 


THE BINARY SYSTEM CaAl,Si,O3;—NaAlSiO, 

The system CaAl,Si,O;-NaAlSiO, has 
been investigated by Bowen,?° and his 
results are presented in Figure 4, some- 
what modified by a recent addition. This 
system exhibits the phenomenon of par- 


_ tial solid solution between the two end- 


members, which, coupled with the in- 


20 Bowen, ftn. 7 (1912). 
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version of carnegieite to nepheline, in- 
troduces complexity. Bowen placed the 
eutectic at 46 per cent anorthite and 
1,304° C. There is a sharp break between 
the liquidi of nepheline and carnegieite, 
owing to inversion. Bowen placed the 
inversion at 1,352° C., a rise of 104° C. 
over the inversion in the pure substance. 
This rise is the result of the solid solution 
of anorthite in nepheline, up to 35 per 
cent by weight. The extent to which 
solid solution occurs in carnegieite is 
small—not more than 5 per cent, and 
possibly much less. 

Recently Schairer™ has investigated 
the system NaAlSiO,-CaAl,Si,O;-SiO., 
and in mixtures adjacent to the binary 
between nepheline and anorthite he met 
with a crystalline phase that he identi- 
fied as B-alumina. He prepared mixtures 
along that join and obtained free alumina 
in them also. Bowen had found ‘‘alumi- 
na’”—the $-form was not at that time 
recognized—in some of his mixtures but 
had attempted to account for it by loss 
of soda through volatilization at the high 
temperatures required for fusion of the 
preparations. It now seems certain that 
a field of alumina is present in the center 
of the binary, although the exact con- 
figuration of the liquidus is not known. 
This, of necessity, upsets the binary re- 
lations of the system. The field of B- 
alumina bridges the fields of anorthite 
and nepheline and possibly also reaches 
into the field of carnegieite, although the 
results of the writer do not so indicate. 
The field of B-alumina is a section of the 
field of alumina in the parent-tetrahe- 
dron. 

The writer determined some of the 
thermal relations in one preparation, 
Ne,.An;.; at the liquidus temperature, 
1,347° C., B-alumina is present, but it 
disappears simultaneously with the neph- 


21 Unpublished data. 
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eline solid solution at approximately 
the temperature at which the nepheline 
inverts to carnegieite. This is not in 
agreement with the results of Schairer, 
who places the alumina liquidus for the 
mixture Ne,.An.s some 50° higher. At 
lower temperatures, down to 1,316°C., 
the alumina seems to increase in quanti- 
ty; and at that temperature there is still 
some glass present, although, according 
to Bowen’s diagram, the solidus of the 
nepheline solid solutions is at approxi- 
mately 1,315°C. The liquidus for B- 
alumina has been added to Bowen’s dia- 
gram, based on results obtained both by 
Schairer and the writer (dashed line, 
Fig. 6). It must be stressed that this 
curve is based on very scanty data and 
does not agree in entirety with Schairer’s 
determinations. 

it should be noted that the field of 
nepheline plus liquid, as outlined by 
Bowen, has become a field of nepheline, 
6-alumina, and liquid; similarly, other 
fields in which $-alumina appears are 
now ternary. The delineation of the field 
of B-alumina, subliquidus, has not been 
completed, but that phase is present in 
several mixtures at temperatures around 
1,200° C. Bowen has indicated that on 
cooling there is no change in the amount 
of anorthite soluble in nepheline. How- 
ever, a very small amount of anorthite 
was observed in the mixture Ne, Anjo, at 
a temperature of 1,205°C., along with 
nepheline solid solution and 6-alumina. 
This is far from proof that the amount of 
anorthite in solid solution decreases so 
rapidly at lower temperatures, especially 
since the original material contains neph- 
eline, B-alumina, and very rare anor- 
thite. Possibly, longer runs would have 
caused the removal of the anorthite from 
the devitrified mixture. Unfortunately, 
the temperature at which the mixture 
was originally devitrified is not known. 
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THE SYSTEM CaSiO,—CaAl,Si,O;-NaAlSiO, 


The investigation of the system Ca- 
SiO,—-CaALSi,O;- NaAlSiO, has yielded 
some interesting data. Fifty-four mix- 
tures were investigated .as to their ther- 
mal behavior, and the more important 
data are presented in Table 1. The phase 
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nary system soda-lime-alumina-silica. 
Therefore, liquids in, or reaching, these 
areas behave in quaternary fashion. And, 
although there has been no manner of de- 
termining the exact nature of the neph- 
eline solid solutions, these actually may 
be ternary solid solutions of such com- 
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Fic. 5.—Isofract chart for glasses in the system CaSiO,—CaAl,Si,Os-NaAlSiO, 


relations are shown in Figures 6 and 7. 
The isofract chart is given as Figure 5. 

Since two of the limiting systems, 
CaAl,Si,O;-NaAlSiO, and CaSiO,—NaAl- 
SiO,, are not binary throughout, the 
system CaSiO;-CaAl,SiO;-NaAlSiO, is 
not ternary throughout. Two fields en- 
croach on the system, from the quater- 





position that behavior in the field of 
nepheline is also quaternary. Also, the 
plagioclase separating will be not pure 
anorthite but a basic plagioclase, since 
the formation of free alumina results in 
the production of albite. There is, there- 
fore, a great deal of complication in this 
system; exact courses of crystallization 
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THE SYSTEM CaSiO,;-CaALSi,Os;-NaAlSiO, 


TABLE 1 


THERMAL DATA FOR THE SYSTEM CaSiO,—CaAl,Si,Os—NaAlSiO, 


Weicut Per Cent 


CaALSi.Os NaAlSiO, 


Temp. 


Timi : 
(CENTIGRADE) 


Primary Phase Pseudowollastonite 


20.0 20.0 
20.0 40.0 
20.0 44.0 
40.0 10.0 
30.0 20.0 
20.0 30.0 
30.0 30.0 
I5.0 48.0 
20.0 10.0 
10.0 10.0 
10.0 50.0 
40.0 16.0 
33.0 39.9 
4.0 56.0 
28.0 36.0 
10.0 30.0 





30 min. I, 332 

30 1,328 

45 1,197 

45 1,193 

30 I,109 

30 1,165 

30 I, 287 

30 1,253 

3° 1,279 

30 1,275 

3° 1,275 

30 1,271 

30 I,210 

30 I, 206 

30 1,174 

30 1,170 

30 1,391 

3° 1,450 

30 1,441 

3° 1,185 

30 1,181 

30 I,240 

30 I, 236 

30 I,192 

30 1,188 

1 hr 1,174 

I 1,170 

30 1,184 

30 1,180 

30 1,176 

30 1,310 

3° I, 300 
Primary Phase Anorthite 

40.0 40.0 30 min. I, 249 

30° 1,245 

40.0 20.0 30 1,249 

3° 1,245 

00.0 30.0 30 1,395 

30 1,391 

60.0 10.0 30 1,399 

3° 1,395 

18.0 72.0 30 1,458 

3° 1,454 

40.0 30.0 30 1,245 

46.0 44.0 30 1,310 

30 I, 306 

52.0 24.0 30 1,340 

38.0 42.0 30 5,837 


FinaL CONDITION 


Glass 

Glass and PWo* 
Glass 

Glass and PWo 
Glass 

Gl: 
Glass 

Glass and PWo 
Glass 

Glass and PWo 
Glass 

Glass and PWo 
Glass 

Glass and PWo 


Glass 





Glass, PWo, and NE 


Glass and rare PWo 
Glass 

Glass and rare PWo 
Glass 
Glass and PWo 
Glass 

Glass and PWo 
Glass 

Glass and PWo 
Glass 


ss, PWo, and NE 





Glass, PWo, and rare NE 


Glass 
Glass and rare PWo 


Glass, PWo, and GEH 


Glass 
Glass and PWo 


Glass 

Glass and AN 
Glass 

Glass and AN 
Glass 

Glass and AN 
Glass 

Glass and AN 
Glass 

Glass and AN 
Glass and rare AN 
Glass 


Glass and AN 


Glass and very rare AN 
Glass and very rare AN 


* PWo=pseudowollastonite, NE=nepheline, GEH=gehlenite (melilite), AN=anorthite, CG=carnegieite, 
B-AL=£8-alumina. 
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TABLE 1—Continued 


| 
Temp. | 
(CENTIGRADE) | 





CaSiO; CaAl.Si.Os NaAlSiO, 
Primary Phase Anorthite—Continued 
| | 
35-0 | 35:0 | 30.0 | 30 1, 206 
|} 30 1,202 
26.0 | 34.7 | 39-3 | 30 1,199 
30 1,195 
10.0 80.0 | 10.0 30 1,510 
} 30 I, 502 
44.0 | 46.0 | 10.0 30 1,291 
| 30 1,253 
18.0 | 40.0 | 42.0 45 1,257 
| | 45 | 1,253 
31.0 | 45.0 | 24.0 30 | 1,285 
| | 30 |} 1,281 
30.0 | 34.0 | 36.0 | 30 1,187 
| 30 } 1,183 
30 | 1,174 
3-0 | 55.0 42.0 | 30 1,206 
30 I, 292 
| 30 1,288 
Primary Phase Nepheline 
20.0 20.0 60.0 r hr. 1,266 
45 min. 1,262 
30.0 20.0 44.0 30 1,109 
30 1,165 
30.0 30.0 40.0 1 hr. 1,187 
I 1,155 
32.0 20.0 48.0 30 min. 1,194 
30 I,190 
20.0 36.0 44.0 1 hr. I, 232 
I 1,228 
20.0 | 30.0 50.0 30 min. 1,250 
| 30 1,246 
10.0 20.0 70.0 30 1,327 
| 30 | 1,323 
10.0 | 40.0 50.0 30 1,284 
30 1,282 
37-0 15.0 48.0 3 | 1,174 
30 | 1,170 
38.0 10.0 52.0 go 1,184 
| go 1,180 
25..9 30.0 45.0 | 30 1,215 
30 1,211 
30.0 25.0 45.0 | 30 1,194 
30 1,190 
20.0 25.0 55.0 | 30 1,258 
30 1,254 
22.0 15.0 63.0 | 30 1,258 
|} 30 | 15254 
3.0 35.0 62.0 30 | 1,333 
| 








FinaAL CONDITION 


Glass 
Glass, very rare AN 
Glass 

Glass, AN, rarer NE 
Glass 

Glass, very rare AN 
Glass 

Glass, very rare AN 
Glass 

Glass, very rare AN 
Glass 

Glass and AN 

Glass 


Glass and AN 
Glass, AN, and GEH 
Glass 

Glass and AN 
Glass, AN, and rare 8-AL 


Glass 

Glass and NE 

Glass 

Glass, NE, and PWo 
Glass 

Glass, NE, GEH, 6-AL 
Glass 

Glass and NE 

Glass 

Glass and NE 

Glass 


Glass and NE 


Glass 

Glass and rare NE 

Glass 

Glass and NE 

Glass 

Glass, NE, and PWo 

Glass 

Glass, rare NE 

Glass 
Glass and NE 

Glass 

Glass and NE - 
Glass 

Glass, rare NE 
Glass ‘ 
Glass and NE | 


Glass, very rare NE 
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TABLE 1—Continued 
Weicst Per Cent 
adie See Time . ue FINAL CONDITION 
(CENTIGRADE) | 
CaSiO CaAl.Si.0s NaAlSiO, 
Primary Phase Carnegieite 
16.0 10.0 74.0 30 min. I, 301 Glass 
30 1,298 Glass and CG 
30 1,293 | Glass, CG, and NE 
10.0 10.0 80.0 30 1,373 | Glass 
| 30 | 1,369 Glass and CG 
10.0 17.0 72.0 | 30 1,333 | Glass 
30 1,329 | Glass and CG 
Primary Phase 8-Alumina 
5.0 44.0 51.0 30 min. 1,296 Glass 
30 1,292 | Glass and B-AL 
30 1,288 Glass, 8-AL, NE, and AN 
0.0 30.0 70.0 30 1,349 Glass 
30 1,245 Glass, 6-AL, and NE 
Primary Phase Gehlenite 
| | 
36.0 20.0 44.0 30 min. | 1,170 | Glass 
| 30 |} 1,166 | Glass, GEH, NE, and 
| | | _PWo 
30.0 30.0 40.0 thr. | 1,187 Glass 
I | 1,183 | Glass, NE, rare GEH 
2 1,174. | Glass, GEH, NE 
33.0 31.0 36.0 I 1,168 | Glass 
I 1,166 | Glass, rare GEH 
I | 1,158 Glass, GEH, NE, and 
| PWo 
4.3 «| 25.7. | 40.0 | I | 1,179 Glass 
| I 1,175 Glass, very rare GEH 


for many mixtures can be discussed only 
in terms of the parent-system, soda-lime- 
alumina-silica. 

In Figure 7 the isotherms are omitted, 
only the fields of the primary phases be- 
ing shown. Six fields have been outlined 
—in order of decreasing size, those of 
pseudowollastonite, anorthite, nepheline 
solid solutions, carnegieite solid solu- 
tions, B-alumina, and gehlenite (solid 
solutions). No wollastonite was en- 


countered. This indicated ‘that no sub- 
stance enters into solid solution in the 





wollastonite, to raise the inversion tem- 
perature appreciably. 

In Figure 6 the nature of the surfaces 
of the fields can be ascertained from the 
isotherms. A solid model has been made 
and is shown in Figure 8. In the model 
the simple configuration of the field of 
B-alumina has been assumed. The sur- 
face for gehlenite (melilite) is rather flat 
but convex, the temperatures of the 
three apices of the triangular field being 
about 1,190°, 1,175° and 1,169° C. 

The projections of the boundary curves 
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between the various fields are all essenti- 
ally straight, except those between neph- 
eline and carnegieite and between gehlen- 
ite and pseudowollastonite. The nature 
of the boundary curves is well shown in 
Figure 8; not so well shown is the maxi- 
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solid model along that boundary curve. 
The section is extended in the same di- 
rection across the field of gehlenite in 
order to exhibit temperature relations in 
that field. 

The significance of the maximum must 
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determined by other workers. 


mum on the boundary curve between 
pseudowollastonite and nepheline solid 
solutions, at about 1o per cent anorthite 
and a temperature of 1,180° + 2° C. (see 
Fig. 7). The isotherms in Figure 6 in- 
dicate the presence of this maximum. In 
Figure g is presented a cross section of the 


WT. PER CENT. 


Fic. 6.—Phase relations in the system CaSiO,—CaAl,Si,Os—-NaAlSiO,, showing the various fields and the 
isotherms for 50° intervals. Location of mixtures given by circles, including those on the limiting systems 


NaAl SiQ. 


not be overlooked. Because of its pres- 
ence and because there is reaction be- 
tween pseudowollastonite and nepheline, 
liquids of a certain area in the composi- 
tion triangle will become completely 
crystalline in the adjacent ternary sys- 
tem, CaSiO,-NaAlSiO,-Na,SiO,, the ex- 














tent of their travel into that system being 
determined in the usual manner by the 
position of three-phase triangles. For 
purposes of discussion of the paths of 
crystallization of liquids near the CaSiO,- 
NaAlSiO, side of the system, the system 


CaAL Se 
1$. 
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liquidus temperatures; there the upper 
part of the triangle is only outlined. The 
binary systems Na,SiO,-NaAlSi0,” and 
CaSiO,-Na,SiO,3 have been investi- 
gated. The field of carnegieite solid solu- 
tions has been indicated in full in Figure 


Os 


‘2 
52° 


a 





CaSiO,— CaAlSi,0O;— NaAlSiO,— Na,SiO, 
must be considered. This system is 
shown in Figure 13. It is a plane section 
through the tetrahedron and has as its 
apices the compounds sillimanite (AL,- 
SiO,), pseudowollastonite or wollastonite 
(CaSiO,), and sodium metasilicate (Na,- 
SiO,). Sillimanite does not form at 


WT. PER CENT. 


Phase relations in the system CaSiO,-CaAl,Si,Os-NaMISiO,, with isotherms omitted 


/267° NaAlSiQ, 


13 and merits considerable discussion at 
a later point. 

The fields of gehlenite and beta-alumina. 
—The field of 8-alumina is small, a wedge 


22 Tilley, ftn. 19 (1933). 


23 G. W. Morey and N. L. Bowen, “Melting Re- 
lations of the Soda-Lime-Silica Glasses,”’ Trans. Soc. 
Glass Tech., Vol. TX (1925), pp. 226-62. 














Fic. 8.—The solid model 


against the side CaAl,Si,O;-NaAlSiO,. It 
extends to a maximum of about 5 per 
cent CaSiO,;. Topicture crystallizationin 
this field, we must visualize the position 
of the plane within the tetrahedron. 

The fusion surface of gehlenite is of 
peculiar form. A cross section of that 
surface (Fig. 9) shows that it rises from 
its junction with the boundary curve be- 
tween pseudowollastonite and nepheline 
znd then falls to intersect the fusion sur- 
face of anorthite. In all, six mixtures 
were studied that lie either within the 
small triangular field or along its bound- 
aries. 

The extension of these extraneous 
fields across the plane of the present sys- 
tem will be more readily apprehended if 
we consider the relations in the system 
CaO-Al,0,-SiO,. That system has been 
investigated by Rankin and Wright,?4 
and the results of their study are pre- 
sented in Figure 10. The system con- 
stitutes one face of the parent-tetra- 
hedron. The join CaSiO,—CaAl,Si,Os lies 
on this face and is shown on the diagram 


24 Rankin and Wright, ftn. 14 (1915). 
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as AB. It can beseen that anorthite melts 
congruently but that a relatively small 
displacement of the boundary curve be- 
tween anorthite and alumina would 
render anorthite unstable at its melting- 
point. Mentally adding the fourth com- 
ponent, Na,O, to the system, we can 
picture the compound NaAlISiO, in its 
position on the face soda-alumina-silica. 
Now, within the tetrahedron there are 
boundary surfaces separating the vari- 
ous three-dimensional fields. Within the 
quaternary system the boundary surface 
between anorthite (plagioclase within 
the tetrahedron) and alumina intersects 
the join between anorthite and nepheline. 
Therefore, the phase alumina separates 
and occurs with the other two phases. 
The conditions determining just what 
modification of alumina is formed are not 
yet definitely understood, although it 
seems probable that ‘6-Al,O,” is in 
reality a low-soda aluminate. 

From the evidence obtained in the 
present study it is clear also that the 
field of gehlenite plunges toward and 
across the plane CaSiO,—CaAl,Si,O;-Na- 
AlSiO,; the V between the boundary 
curves FC and CD (Fig. 10)—meeting at 
the ternary eutectic between pseudowol- 
lastonite, anorthite, and gehlenite—be- 
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Fic. 9.—Cross section along the approximate 
plane of the boundary curve between pseudo-wollas- 
tonite and nepheline solid solutions and continuing 
through the field of gehlenite to the field of anorthite. 




















comes a trough between two surfaces 
within the tetrahedron. That this trough 
does not penetrate to a great extent into 
the system under study is indicated by 
the fact that the gehlenite disappears by 
reaction at a temperature in the neigh- 
borhood of 1,150° C. At this tempera- 
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eline. The movement of the point C 
toward the silica apex, or toward some 
point richer in soda and silica, indi- 
cates enrichment of liquids in those sub- 
stances. 

In runs on mixtures lying in the field 
of gehlenite some crystals were obtained 


Alz05 2 SiOz 


ALUMINA 





3C20.Al205 


SC2O.3AlgOs 


AlzOs 


CaGAlzO3 3Ce0.SAl20, 


WT. PER CENT. 


Fic. 10.—Phase relations in the system CaO-Al,O,-SiO, (after Rankin and Wright) 


ture within the tetrahedron there is a 
quaternary reaction point. 

Thus it is demonstrated that within 
the quaternary system, at compositions 
near the center of the triangular plane 
representing the system CaSiO,-CaAl.,- 
Si,0;-NaAlSiO,, the field of gehlenite 
(melilite) penetrates that plane. Similar- 
ly, the field of alumina has been pulled 
in to intersect the join anorthite-neph- 





of which the properties were rather simi- 
lar to those of 8-alumina. However, the 
crystals were small and few, and positive 
identification was impossible. It was de- 
cided that they were probably gehlenite 
of markedly tabular habit, but the pos- 
sibility that the field of alumina curves 
about sufficiently to penetrate the sys- 
tem in two areas is not altogether ex- 


cluded. 





Bowens has found very similar re- 
lationships to those described above, as a 
result of the addition of NaAlSiO, to cer- 
tain compounds of the system CaO- 
MgO-SiO,.”° Bowen added nepheline to 
diopside and obtained akermanite, with 
sodic material in solid solution, along with 
forsterite, and a liquid which is enriched 
in ““NaAlSi,O¢.”” He concluded that neph- 
eline desilicates the diopside, forming a 
melilite, which parallels the formation of 
gehlenite in the present nepheline mix- 
tures. It is the opposite effect to that 
postulated by R. A. Daly,?? who assumes 
desilication of the feldspathic molecules 
of magmas by lime, with the formation 
of feldspathoids. 


EQUILIBRIUM CRYSTALLIZATION 
Crystallization in the field of nepheline. 
By virtue of the presence of the maxi- 

mum M (Fig. 11), on the boundary curve 
between pseudowollastonite and neph- 
eline solid solutions, liquids reaching that 
curve will thereafter move in a direction 
determined by their position with respect 
to that maximum. The three-phase tri- 
angles, XOP, XO‘P', and XO"P* (Fig. 
11), of which XOP is the limiting case, 
will move toward the ‘‘submerged eutec- 
tic” O; triangles such as XO” P”, XO”P”, 
and so on, will move in the opposite di- 
rection. These two classes of three-phase 
triangles are separated by the straight 
line XMJ, and MJ is itself a three- 
phase boundary. The slope of the bound- 
ary curve is not sufficient to permit very 
accurate determinations of the three- 
phase boundaries. However, four such 

25 “Genetic Features of Alnoitic Rocks at Isle 
Cadieux, Que.,’’ Amer. Jour. Sci., Vol. III (5th ser., 
1922), pp. I-34. 

26]. B. Ferguson and H. E. Merwin, “The 
Ternary System, CaO—MgO-SiO.,” Amer. Jour. 
Sci., Vol. XLVIII (4th ser., 1919), pp. 81-123. 

27 Tgneous Rocks and the Depths of the Earth (New 
York: McGraw-Hill Book Co., 1933). 
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boundaries were determined as accurate- 
ly as possible, and the attitudes of the 
three-phase boundaries as presented are 
based on the results of those determina- 
tions. In Figure 11 the fields of gehlenite 
and 6-alumina have been ignored for con- 
venience in discussion. 

Let us consider the crystallization of a 
liquid A (Fig. 11). On cooling to a 
temperature of about 1,275°C., neph- 
eline solid solution containing less anor- 
thite than P** separates. With con- 
tinued cooling the liquid follows the 
curved path AO**, to the boundary 
curve, while the solid solution which 
separates becomes progressively richer in 
anorthite. When the liquid has just 
reached O***, the nepheline solid solution 
under equilibrium conditions has the 
composition P**. Pseudowollastonite 
now begins to separate, along with neph- 
eline solid solutions, and the liquid 
moves along the boundary curve toward 
O. The nepheline solid solution becomes 
progressively richer in anorthite through 
reaction with the liquid. The last small 
amount of liquid is exhausted at O“, for 
now the base XP‘ of the three-phase 
triangle XO"'P“ passes through the point 
of total composition, A. The final prod- 
ucts of crystallization are pseudowollas- 
tonite and nepheline solid solution of | 
composition P*‘. Even if gehlenite were 
formed, that phase must disappear even- 
tually and would not be present in the 
final products. Such behavior is typical 
of liquids lying to the “‘north” of the 
join XMJ. Ignoring gehlenite, only those 
liquids lying to the “north” of the base I 


——_ ae a. | 62 


XP of the triangle XOP will yield anor- I 
thite among the products of crystalliza- é 
tion. { 

A liquid of composition B begins to ( 
crystallize with the separation of a neph- é 
eline solid solution poorer in anorthite ] 


than P*. The liquid will fellow the 

















curved path BO, while the nepheline 
becomes richer in anorthite until, when 
the liquid has the composition O%, the 
nepheline is P**. Pseudowollastonite will 
now begin to separate also, and the 
liquid will move toward O**. The neph- 
eline solid solution becomes progressively 
poorer in anorthite. The liquid is ex- 
hausted at O” when the base XP’ of the 
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a three-phase triangle of which the liquid 
apex lies at O”‘ will be completely crystal- 
lized at Ov*. For those liquids the final 
nepheline solid solutions will have the 
composition P* (actually about Ne,,- 
Ans). Liquids lying to the “‘south” of the 
base of that three-phase triangle will be 
completely crystallized at points along 
the curve O"'S, within the system Ca- 








Fic. 11.—Crystallization in the field of nepheline 


triangle XO*P* passes through B. The 
products of crystallization will be pseudo- 
wollastonite and nepheline solid solution 
of composition P’. It should be noted 
that during the crystallization of a liquid 
lying “south” of the join XMJ, while 
the liquid moves across the field of 
nepheline, the solid solution which sepa- 
rates becomes continuously richer in 
anorthite. But, when the liquid moves 
from O** to O”, the solid solution is made 
over to varieties progressively poorer in 
anorthite. The effect is perhaps not 
large, but it is real. 

Those liquids lying on the base X P’‘ of 





SiO,-NaAlSiO,—Na.SiO;. The farther a 
liquid moves into that system the poorer 
in anorthite is the nepheline solid solu- 
tion that is produced, although there is a 
limit to this process. It is unlikely that 
pure nepheline will ever be formed under 
conditions of equilibrium, since CaSiO, 
is always present in the liquids and there- 
fore CaAL,Si,Os is developed. 

Even under conditions of equilibrium, 
then, liquids of composition lying in a 
certain area of the system CaSiO,—Ca- 
ALSi,Os-NaAlISiO, move into the ad- 
jacent system. In Figure 11 the point S 
has been suggested as the limit of move- 
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ment of those liquids. However, it is 
very unlikely that true relations can be 
shown in so simple a fashion; it is possible 
that certain liquids will actually reach a 
reaction point in the system CaSiO,- 
NaAlISiO,—Na,SiO,. 

It will be noted that the three-phase 
boundaries 7P and 7‘P in Figure 11 
have been constructed on the assumption 
that the composition of the most con- 
centrated solid solution of anorthite in 
nepheline remains constant with falling 
temperature. As suggested previously, 
that relation is not éstablished with cer- 
tainty, but it is here assumed to be true 
for simplicity. A liquid of composition C 
will begin to crystallize with the separa- 
tion of nepheline solid solution contain- 
ing less anorthite than P; and, when the 
liquid has moved along the curve CT to 
T, the nepheline solid solution has the 
composition P(Ne,s;An,;). Now, anor- 
thite begins to separate from the liquid, 
which moves along the boundary curve 
toward O. All such liquids will reach O 
and will yield as the final products of 
crystallization nepheline solid solution 
(P), anorthite, and pseudowollastonite. 
Gehlenite will be formed at some stage 
but will disappear eventually under 
equilibrium conditions. 

Crystallization in the field of carnegieite. 

Crystallization is still more compli- 
cated for mixtures in the field of car- 
negieite. According to Bowen,”* car- 
negieite takes up to 5 per cent anorthite 
in solid solution. Therefore there will be 
a set of three-phase boundaries in the 
carnegieite field (GK, G'K', etc., Fig. 
14). By virtue of the behavior of certain 
liquids the relations in the adjacent 
ternary system must be considered. Til- 
ley”? has investigated the system Na.,- 
SiO,-NaAlSiO,, and for completeness his 


28 Bowen, ftn. 7 (1912). 
29 Tilley, ftn. 19 (1933). 








results are presented in Figure 12. This 
system is unusual in that it is the high- 
temperature form of one of the compo- 
nents that forms solid solutions, in conse- 
quence of which the temperature of in- 
version of carnegieite to nepheline is 
lowered to 1,163° C. Liquids containing 
up to 23 per cent Na,SiO, will, upon 
cooling, yield carnegieite solid solutions 
which become continuously richer in Na,- 
SiO, as the temperature falls. Eventual- 
ly the liquid is exhausted and carnegieite 
solid solution alone remains, and this will 
cool as such through a narrow range of 
temperature. Then the carnegieite be- 
gins to invert to nepheline, and the in- 
version continues in the solid state until 
the temperature falls to 1,163°C. At 
that temperature liquid forms again, and 
the temperature remains constant until 
all the remaining carnegieite solid solu- 
tion has inverted and the mixture con- 
sists of nepheline and liquid. With fur- 
ther cooling the amount of nepheline in- 
creases and the liquid decreases, until at 
go8° C. sodium metasilicate also sepa- 
rates and the liquid is exhausted at that 
temperature. The important point lies in 
the fact that here carnegieite solid solu- 
tions but no nepheline solid solutions are 
formed; whereas in the system. CaAl.,- 
Si,0;-NaAlSiO, the nepheline solid solu- 
tions are very important and the car- 
negieite solid solutions minor and, it must 
be admitted, not exactly determined. 
There will be, then, a field of carnegieite 
solid solutions of ternary nature, com- 
mon to the two systems being discussed. 
One particular carnegieite solid solution 
has a composition that can be expressed 
as about 95 per cent NaAlSiO, and 5 per 
cent CaSiO, (see Fig. 13). 

In Figure 14 that area of ternary solid 
solutions is indicated on a diagram, 
which, it must be stressed, is consider- 
ably distorted to facilitate discussion. 

















The three-phase boundaries of the GK 
type join liquids on the boundary curve 
between nepheline and carnegieite solid 
solutions with the appropriate carnegieite 
solid solutions along the line bounding 
the area of those ternary solid solutions. 
Besides those lines, there is another set 
joining liquids on the same boundary 
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limiting one in the system CaAl,Si,O;- 
NaAlSiO, is available from Figure 4. 
Besides these two sets of tie-lines, we 
must consider the three-phase bounda- 
ries of the OP type. 

A liquid of the composition A (Fig. 14) 
begins to crystallize with the separation 
of a carnegieite solid solution whose 
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Fic. 12.—Phase relations in the system Na,SiO,;—NaAlSiO, (after Tilley) 


curve with the nepheline solid solu- 
tions with which they are individually 
in equilibrium; those lines are shown by 
GH, G'‘H', and so forth, and will be 
termed the GH type of three-phase 
boundary. If the carnegieite solid solu- 
tions, and also the nepheline solid solu- 
tions, were binary in nature, then that 
second set of tie-lines could be obtained 
from Bowen’s diagram (see Fig. 4). How- 
ever, since that is not true, the tie-lines 
are only approximately located. The 





composition lies in the area of ternary 
solid solution on the tangent to the 
curve of crystallization at A. It will be 
poorer in anorthite than K. With con- 
tinued cooling the solid solution be- 
comes richer in anorthite, and the liquid 
follows the curved path AG. At the 
point G, when the carnegieite has the 
composition K, it begins to invert to 
nepheline solid solution H. As the tem- 
perature falls, the liquid changes in com- 
position along the boundary curve to G‘, 








§22 


the carnegieite continuously inverting to 
nepheline solid solutions which attain 
the composition of H‘ when the liquid 
reaches G‘. At G‘ the last trace of car- 
negieite has the composition K‘. The 
point of total composition, A, lies on a 
three-phase boundary of the OP type, 
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through the point A; and the final prod- 
ucts of crystallization are pseudowol- 
lastonite and nepheline solid solution 
containing slightly more anorthite than 
Pr. 

A liquid of composition B behaves in 
a fashion similar to that described above, 
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Fic. 13.—The section through the tetrahedron (see Fig. 1). Showing phase relations in the system in- 
vestigated and the field of carnegieite ternary solid solutions. 


namely, O'P*. Therefore the liquid must 
reach the boundary curve between pseu- 
dowollastonite and nepheline at O*. To 
do so, it follows the curved path GO‘, 
while crystals of nepheline solid solution 
separate which are continuously richer in 
anorthite. At O' the nepheline has the 
composition P‘. The liquid is exhausted 
a short distance “north” of O*, when the 
base of a three-phase triangle passes 


but there are two points of interest. 
First, not only does the liquid travel a 
considerable distance along the boundary 
curve between the fields of nepheline and 
carnegieite, but it crosses the join MJ 
twice. Since the original composition lies 
“south” of MJ, the liquid must return to 
this side. Second, while the liquid goes 
from G‘ to G‘‘, the nepheline solid solu- 
tion increases in amount but becomes 














progressively poorer in anorthite. Then, 
while the liquid changes in composition 
along the curve GO, the nepheline 
solid solution which separates becomes 
richer in anorthite, for, when pseudowol- 
lastonite begins to separate, the neph- 
eline solid solution has the composition 
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P*, Now, however, further cooling re- 
sults in the opposite effect, namely, the 
nepheline solid solution becomes poorer 
in anorthite again, and the final solid 
solution contains slightly less anorthite 
than P*. 

The crystallization of a liquid C is 

















Fic. 14.—Crystallization in the fields of carnegieite and nepheline 
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again similar, but this liquid becomes 
completely crystalline somewhere below 
O**' in the adjacent system. 
Crystallization of liquids in other fields. 
—In Figure 15 are represented the lines 
that determine courses of crystallization 
in the system, omitting the complications 


AN 
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Figure 15 that complexity is ignored; 
courses of crystallization radiate from the 
anorthite apex. The small amount of 
solid solution of nepheline in anorthite is 
neglected. 

For liquids which yield nepheline solid 
solution as the secondary phase the re- 








Fic. 15.—Showing generalized tie-lines in the system CaSiO,—CaAl,Si,Os—-NaAlSiO, 


just described. The behavior of all 
liquids in the field of pseudowollastonite 
is presumably ternary and therefore is 
simple. It has already been mentioned 
that the phase separating from liquids 
in the field of anorthite is not anorthite 
but is, rather, a basic plagioclase. In 





lations between liquid and solid solutions 
are determined by three-phase triangles 
in the manner discussed above. 

Mixtures whose compositions lie in the 
fields of B-alumina or gehlenite behave 
initially in a manner which requires con- 
sideration of the four-component system. 











With equilibrium crystallization no B- 
alumina or gehlenite will be present in 
the final products. 


SIGNIFICANCE OF VARIOUS NEPHELINE SOLID 
SOLUTIONS 
The indices of pure artificial nepheline 


arew = 1.537and € = 1.533; those of the 
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of composition C (23 per cent An). C 
represents the composition of that neph- 
eline solid solution which is isotropic. 
The join AB represents the approximate 
locus of liquids from which separate iso- 
tropic nepheline solid solutions as the 
primary phase. The dashed line BC is a 
three-phase boundary; that is, the liquid 


NE 


ZZ MZ 





Fic. 16. 


nearly so; in = indeterminate. 
limiting solid solution, Ne,;An,;, are w = 
1.537 and ¢€ = 1.539. No accurate de- 
terminations of the indices of the neph- 
eline solid solutions have been made in 
this study, but the sign of the nephelines 
obtained at liquidus temperatures in 
various mixtures has been plotted on the 
composition triangle. 

The liquid A (37.5 per cent An) is in 
equilibrium with nepheline solid solution 








in liquids of different compositions in the field of nepheline. 





Showing the variation in the sign of the nepheline solid solutions obtained as primary phases 


® = positive; G = negative; iso = isotropic or 


B is in equilibrium with nepheline solid 
solution of composition C. 
Unfortunately, the crystals obtained 
in runs at or near liquidus temperatures 
were so small that in several examples 
their optical properties were not de- 
terminate. At best, there is outlined a 
zone in which isotropic or nearly iso- 
tropic nepheline solid solutions are the 
primary phase, but in compositions out- 
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side this zone the optical character was 
usually definite. 


FRACTIONAL CRYSTALLIZATION 

The results of fractional crystalliza- 
tion of liquids in the system CaSiO, 
CaAl,Si,Os—NaAlSiO, may be briefly out- 
lined (see Fig. 17). All those liquids 
which reach the “eutectic” will yield, 
as the final products of fractional crystal- 
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CaSiO,—NaAlSiO,-Na,SiO,; with frac- 
tionation they will move farther into that 
system than will liquids under equilibri- 
um conditions. The final liquid is en- 
riched in sodium metasilicate, and that 
substance may possibly be present in the 
products of crystallization. 

Therefore, liquids which move initially 
in opposite directions nevertheless be- 
come more alkaline eventually. It is of 


AN) 





Fic. 17. 


lization, pseudowollastonite, anorthite 
(actually plagioclase), nepheline solid so- 
lutions, and gehlenite. From some liq- 
uids 6-alumina will also separate and 
will remain if reaction is prevented. The 
formation of gehlenite or 6$-alumina 
causes the liquid to become enriched in 
albite. If in some manner the gehlenite 
and §-alumina are prevented from re- 
acting with the. liquid, the residual 
liquid may be relatively rich in albite and 
yield sodic plagioclases. 

Some liquids will enter the system 








Paths of fractional crystallization in part of the system CaSiO,—CaAl,Si,Os—-NaAlSiO, 


interest to note that two liquids whose 
compositions are almost identical but one 
of which lies just “north” and the other 
just ‘‘south”’ of the maximum will yield, 
with fractionation, products having quite 
different constitutions. That liquid to 
the “north” of M will yield gehlenite, 
nepheline solid solution, plagioclase, and 
pseudowollastonite. That to the “‘south”’ 
will yield pseudowollastonite, nepheline 
solid solutions, double metasilicates, and 
Na,SiO,. 

The joins AB and BC in Figure 17 














have been transferred from Figure 16. 
A tangent to any curve of fractional 
crystallization at the point where that 
curve cuts the line AB will pass through 
the point C, the composition of the iso- 
tropic nepheline solid solutions. From 
consideration of the fractionation curves 
it may be seen that, if zoned nephelines 
are formed, they may possess cores of 
negative optical character, intermediate 
zones of isotropic material, and outer 
mantles of positive character. 


PETROLOGIC SIGNIFICANCE 
THE SODA-LIME-ALUMINA-SILICA SYSTEM 
The oxides Na,O, CaO, Al,O,, and SiO, 
that form the parent-tetrahedron are of 
prime importance in petrology. Together 
they comprise go per cent by weight of 
the average of 546 granites, 85 per cent 
of the average of 43 nepheline syenites, 
and 77 per cent of the average of 161 
basalts.3° The present study is but a 
small fraction of the wealth of data now 
amassed on this and other systems and, 
with the increasing incorporation into 
such studies of other variables, such as 
pressure and volatiles, may need to be 
reconsidered as to its practical bearing. 
However, several interesting observa- 
tions may be made. 


THE WOLLASTONITE-ANORTHITE-NEPHELINE 
SYSTEM 

There are no natural magmas showing 
close approach to liquids of the system 
except anorthosites. The “submerged 
eutectic” has a composition rather simi- 
lar to the average of twelve anorthosites 
as given by Daly, but that rock type has 
a considerably different mineral consti- 
tution. The present system exhibits no 
striking differences in size of the fields of 
primary phases; therefore it yields no 


3° Daly, ftn. 27 (1933). 
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corroboratory evidence as to the order of 
crystallization in magmas. It is known 
that the three chief natural mineral 
equivalents—wollastonite, plagioclase, 
and nepheline—may crystallize both 
early and late. 

However, there is a definite similarity 
between the products of fractional crys- 
tallization of some liquids within the sys- 
tem and minerals in alkaline rocks in 
nature. One can obtain from these mix- 
tures pseudowollastonite, gehlenite, 
nepheline solid solution, and plagioclase, 
an assemblage which is comparable with 
the mineral content of such rocks as 
nepheline tephrite, nepheline basalt, and 
types of theralites, with nepheline, meli- 
lite, augite, or alkaline pyroxene, and 
usually basic plagioclases. 

The significance of the field of gehlenite. 

Daly* and Tilley and Harwood” have 
stated that melilite, at least in some in- 
stances, has formed in certain rocks as a 
result of the contamination of a magma 
by assimilation of limestone. They be- 
lieve that excess CaO derived from lime- 
stone unites, for example, with diopside 
to yield akermanite or with anorthite to 
yield gehlenite (and wollastonite). The 
formation of the gehlenite in the present 
instance is apparently the result of desili- 
cating action by nepheline on the lime- 
rich silicates, a reaction very similar to 
that postulated by Bowen’ to explain 
the formation of melilite from augite by 
the action of residual alkaline liquid in 
alnoitic rocks. The whose 
affinity for silica is well known, pre- 


nepheline, 


sumably becomes albite (or analcite) 
through that reaction, and that com- 
pound may then enter into both anor- 


3 Thid. 
32 Ftn. 1 (1931). 


33 Ftn. 25 (1922). 
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thite and nepheline*4 in solid solution. 
Tilley and Harwood believe that in the 
Scawt Hill rocks silica was taken from 
albite by lime derived from wall rocks, 
with resultant formation of wollastonite 
and nepheline principally. 

Thus, there are two possible actions 
which are diametrically opposed, but 
both may occur in nature; it is improb- 
able that one process will occur to the ex- 
clusion of the other. 

The significance of the field of alumina. 

Until recently it was believed that 
anorthite, as a relatively pure compound, 
could form in melts with nepheline; how- 
ever, the work of Schairer has demon- 
strated that free alumina crystallizes 
from such melts over a certain composi- 
tion range and that, as a consequence, 
plagioclase rather than anorthite is 
formed. The results of the present study 
are in agreement with those facts. This 
effect, thus experimentally shown, may 
explain to some extent the presence of 
corundum in nepheline-plagioclase-bear- 
ing rocks, which are a natural habitat of 
corundum. J. S. Shand* is very in- 
sistent that the corundum-bearing neph- 
eline rocks, occurring particularly as peg- 
matites, are the result of contamination 
of a parent-granitic or syenitic magma by 
lime-rich rocks. In this opinion Shand 
agrees essentially with Daly, who be- 
lieves the parent-magma may range from 
basaltic to granitic. 

In the corundum-bearing syenitic 
rocks the plagioclase is commonly a 
sodic variety; in synthetic mixtures the 
field of alumina does not penetrate the 
system albite-nepheline. But it may well 
be that the addition of K,0, MgO, and 


34 Greig and Barth, ftn. 10 (1938). 


35 Eruptive Rocks (London: Thos. Murby & Co. 
1927). 
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the other substances of natural magmas 
causes a further expansion of the field 
of alumina in the multicomponent sys- 
tem, so that the same reaction effect is 
present between albitic plagioclases and 
nepheline. 

Corundum occurs, however, not only 
in the rock types just discussed but also 
in types with basic plagioclases. W. G. 
Miller*® has reported the occurrence of a 
corundum-gabbro which is associated 
apparently with the nepheline rocks of 
Ontario. Plagioclase and hornblende are 
the only other constituents. The occur- 
rence of corundum in basic alkaline rocks 
has been described by many others. 
Therefore, the development of free alu- 
mina by reaction between nepheline and 
basic plagioclase may well be a clue to 
the formation of corundum in some 
natural magmas. 

The “plagioclase effect.’—Of interest 
not only from the petrologic but also 
from the experimental viewpoint is the 
fact that, when lime is present in mix- 
tures containing the albite molecule, 
some anorthite is produced by reaction, 
and consequently a plagioclase. This 
effect has been noted by Schairer and 
Bowen’ and by others. The work of 
Foster also suggested that, when lime is 
added to mixtures containing nepheline, 
anorthite is formed, and this has been 
verified in the present study. 

Similarly, when soda—for example, in 
nepheline—is added to anorthite-bearing 
mixtures, the albite molecule is formed, 
and therefore plagioclase is again pro- 
duced. Consequently, it is unlikely that 
the pure end-members of the plagioclase 

36““Niotes on the Corundum-bearing Rocks of 


Eastern Ontario,’’ Amer. Geol., Vol. XXIV (1899), 
pp. 276-82. 


37 Unpublished data. 

















series can form in any mixture containing 
both soda and lime. It is not surprising 
that in natural igneous rocks the pure 
compounds are never found. 

Final-stage soda-rich liquids—It has 
been shown that, even under equilibrium 
conditions, liquids of a certain composi- 
tion range become enriched in sodium 
metasilicate; that is, they leave the sys- 
tem CaSiO,—CaAl,Si,Os-NaAlSiO,. For 
those liquids fractional crystallization 
accentuates that effect. It is often stated 
in the literature that the final-stage solu- 
tions of consolidating magmas are rich 
in soda and silica and that the common 
formation of albite in great amount as a 
mineral late in the history of crystal- 
lization of igneous rocks is due to the 
action of those liquids.** It is very likely 
that the production of final liquids rich 
in soda and silica, in the mixtures of the 
present study, has some bearing on the 
natural of albitization. Other 
systems have been studied in which final 
liquids of the same general character 
may be developed. 

Possible significance of the maximum. 

It is clear that two liquids, whose com- 
positions are almost identical but one of 
which lies ‘“‘north”’ and the other “‘south”’ 
of the maximum (M, Fig. 11), will move 
in opposite directions under any con- 
ditions of crystallization. The one liquid 
may yield gehlenite, pseudowollastonite, 
anorthite, and nepheline solid solutions; 
whereas the other may yield pseudowol- 
lastonite and nepheline solid solutions of 
quite different character, and perhaps 
also sodium metasilicate. If a natural 


process 


38R. J. Colony, “The Final Consolidation Phe- 
nomena in the Crystallization of Igneous Rocks,” 
Jour. Geol., Vol. XXXI (1923), pp. 169-78; G. H. 
Anderson, ‘“Granitization, Albitization and Re- 
lated Phenomena in the Northern Inyo Range of 
California-Nevada,” Bull. Geol. Soc. Amer., Vol. 
XLVIII (1937), pp. 1-74- 
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magma were such that its position in a 
multicomponent system lay very near 
such a critical composition and if some 
process changed that composition even 
very little in the appropriate direction, 
it can be understood how the modified 
liquid might follow a path of crystalliza- 
tion quite different from that followed 
by the unmodified magma. 

Among the possible factors that might 
cause such a change in the composition of 
a magma, the following may be men- 
tioned. Assimilation is believed by many 
to be an all-important factor in the pro- 
duction of rock varieties. Other students 
are inclined to believe that assimilation 
is a minor process. But only a small 
amount might in special cases be suffi- 
cient to change the composition of a mag- 
ma so as to result in different products of 
crystallization. The course of crystal- 
lization may also be changed by ab- 
sorption of material through reaction 
with the magma. Again, if a certain re- 
action that normally takes place fails to 
do so for any reason, a magma may yield 
products different from those it ordinar- 
ily develops. 

Zoned nephelines.—Nephelines with 
zones of considerable variation of com- 
position and of which the optical char- 
acteristics vary considerably may result 
from the fractional crystallization of 
liquids whose compositions lie in the 
fields of nepheline or carnegieite. It does 
not seem improbable that these relation- 
ships obtain in natural magmas. In fact, 
zoned nephelines have been described by 
several workers, and Shand* has re- 
cently summarized a few occurrences 
with particular reference to the alkaline 


39“On the Staining of Feldspathoids, and on 
Zonal Structure in Nepheline,” Amer. Min., Vol. 
XXIV (1939), pp. 508-13. 
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lavas of the African Rifts. He mentions a 
variation in refringence and birefringence 
in the various zones. Truly isotropic 
nephelines are not found in nature; no 
nepheline contains that much anorthite. 
But many crystals exhibit a core of nor- 
mal refraction and birefringence, followed 
by a narrow zone of weaker refraction 
and birefringence, and outside that a nar- 
row zone of higher refraction but weak 
birefringence. Such zoning has been ex- 
plained as due to rhythmic variation in 
the anorthite content of the solid solu- 
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tions; but the zones observed by Shand 
were due to variation in other nepheline 
components, for the most part. 
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EARLY ORDOVICIAN STRATA ALONG FOX RIVER 
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ABSTRACT 


A nearly complete sequence of Ordovician strata along Fox River, southwest of Aurora, indicates the 


presence of the Kankakee arch 


a major structure trending northwest-southeast across northeastern Illinois 


and the probable location of the Sandwich fault, which parallels the arch for many miles and had been 
found previously by studies of well records. Outcrops of sandstone and dolomite which have long been corre- 
lated with the St. Peter and Galena-Platteville formations have been found to belong to the New Richmond 
sandstone and the Shakopee dolomite. Study of the outcrops and well records shows that the anticlinal struc- 
ture underwent major movements both before and after deposition of the St. Peter sandstone. 


INTRODUCTION 

In the earliest geological studies of this 
area? the sandstone and the dolomite out- 
crops along the 15 miles of Fox Valley 
between Millbrook and Sheridan were 
correlated with the St. Peter sandstone 
and the “Trenton” (Galena-Platteville) 
formations, respectively. The alternate 
occurrence of dolomite and sandstone at 
the level of Fox River was first inter- 
preted as the result of deposition of the 
dolomite in erosional troughs in the top 
of the sandstone? and later as due to up- 
lift of the St. Peter sandstone along sev- 
eral “anticlinals.”* Some 
was noted that the structure of the St. 
Peter sandstone indicated an anticline 
with a northwest-southeast axis crossing 
Fox Valley in the vicinity of Millington.* 
More recently a study of outcrops and 


years ago it 


t Published with the pei. ission of the chief, 
Illinois State Geological Survey, Urbana, Illinois. 

2H. C. Freeman, “Geology of La Salle Coun- 
ty,” in Geology and Paleontology, Ill. Geol. Surv., 
Vol. III (1868), pp. 257-87; H. M. Bannister, “Geol- 
ogy of Kendall County,” in Geology and Paleontol- 
ogy, Ill. Geol. Surv., Vol. TV (1870), pp. 136-48. 

3 Freeman, p. 279 of ftn. 2 (1868). 

4 Bannister, pp. 145-46 of ftn. 2 (1870). 

5G. H. Cady, “The Structure of the La Salle 
Anticline,” Jil. State Geol. Surv. Bull. 36 (1920), 


p. 127. 





subsurface data showed that this struc- 
ture, termed the ‘‘Kankakee arch,” (1) 
had its greatest deformation before, rather 
than since, St. Peter time; (2) extends at 
least from Oregon, Illinois, southeast 
through Momence, Illinois; and (3) in 
Indiana is probably a continuation of the 
west branch of the Cincinnati arch.°® 
Because of this structure, Cambrian stra- 
ta are exposed along the axis of the Kan- 
kakee arch at Oregon’ and directly un- 
derlie glacial drift at Sandwich, about 4 
miles northwest of Fox Valley.* How- 
ever, because the occurrence of St. Peter 
and Galena strata along Fox Valley was 
not necessarily inconsistent with these 
new structural conceptions, correlation 
of the strata was not seriously questioned 

6 George E. Ekblaw, “Kankakee Arch in IIli- 
Bull. Geol. Soc. Amer., Vol. XLIX (1938), 
pp. 1425-30. Reprinted as Jil. State Geol. Surv. Circ. 
4o (1938). 

7 A. C. Bevan, “Fault Block of Cambrian Strata 
in Northern Illinois” (abst.), Badd. Geol. Soc. Amer., 
Vol. XL (1929), p. 88; “Cambrian Inlier at Oregon, 
Illinois,” Kan. Geol. Soc. Guidebook, oth. Ann. Field 
Conf. (1935), pp. 383-85; “Cambrian Inlier in 
Northern Illinois,” Bull. Amer. Assoc. Pet. Geol., 
Vol. XXIII (1939), pp. 1561-64; Ekblaw, p. 1426 
of ftn. 6 (1938). 
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until a study of samples from a well 
drilled at the Illinois School for Boys, 
3 mile south of Sheridan, revealed that 
Shakopee dolomite there lay immediately 
below the surface.’ Asa result of this dis- 
covery, a detailed examination of the 
area was immediately undertaken in 
December, 1940, as a project of the Illi- 
nois State Geological Survey to supple- 
ment the authors’ recent work on the Mar- 
seilles, Ottawa, and Streator quad- 
rangles.*° This study determined that 
the sandstone exposed near Sheridan 
was part of the New Richmond sand- 
stone and that the dolomite cropping out 
a short distance south of Sheridan and 
near Millington belonged to the Shako- 
pee formation. 


GEOGRAPHIC SITUATION 


That portion of the valley of Fox River 
considered in this study extends from 
about 13 miles north of Millbrook south- 
west to a mile south of Sheridan (Fig. 1). 
The valley is 75-100 feet deep, and the 
valley floor—}—1 mile wide—consists of 
terraces in which the river is entrenched 
in a narrow channel. The valley bluffs 
and terraces are composed largely of 
glacial drift, which mantles a much dis- 
sected bedrock surface. Fox River has 
eroded its valley to a level at which it 
truncates some of the higher buried bed- 
rock ridges, so that bedrock outcrops 
locally extend as high as 30 feet above the 
river. Rapids occur in the river near 
most of the outcrops. Several long sec- 
tions of the valley in which there are no 
bedrock outcrops mark the position of 
major preglacial drainage channels. 


9 L. E. Workman, personal communication. 


10 H. B. Willman and J. N. Payne, “Geology 
and Mineral Resources of the Marseilles, Ottawa, 
and Streator Quadrangles,” Jil. State Geol. Surv. 
Bull. 66 (1942). 





STRATIGRAPHY 

As the outcrops are widely scattered, 
the stratigraphic sequence is not com- 
pletely exposed. Consequently, much of 
the information about the general charac- 
ter, the thickness, and the stratigraphic 
relations of the formations, shown in 
Table 1, is derived from study of samples 
of cuttings from near-by wells." The ex- 
posed formations are described below. 


NEW RICHMOND SANDSTONE 

Outcrops of New Richmond sandstone 
occur along Fox Valley west of Sheridan 
(Fig. 1). The sandstone is well exposed 
in the west bluff of the valley and along 
the tributary ravines in Section 7 and the 
south part of Sec. 6, T.35 N., R.5E., 
especially near the highway bridge west of 
Sheridan. On the east side of the valley 
the sandstone crops out in the bluffs and 
in a tributary ravine in the SW.} Sec. 8. 
Approximately the upper 40 feet of the 
formation is exposed. The sandstone is 
mostly fine-grained (sample 4, Table 2) 
but contains thin lenticular streaks of 
coarse sand, especially along the bed- 
ing-planes. The coarse sand streaks 
contain scattered but conspicuous grains 
of secondary white opaque silica which 
is penetrated by some of the surround- 
ing quartz grains. The sandstone is 
thin-bedded, almost laminated in places, 
but locally appears massive on weathered 
surfaces. Commonly the sandstone is 
much cross-bedded (Fig. 2), but at some 
places the beds are mostly parallel. Some 
beds are ripple-marked. 

The heavy minerals in the New Rich- 
mond sandstone are characterized by an 
abundance of tourmaline, usually more 
than 50 per cent, and the presence of gar- 
net, especially a diagnostic brownish- 
pink variety, and of ferromagnesian min- 
erals. The heavy minerals in samples of 


11 Payne, pp. 53-69 of ftn. 8 (1942). 
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the upper part of the formation, omit- 
ting the upper 3-5 feet, collected from 
each foot of an outcrop at the mouth of 
the ravine on the east side of Fox Valley 


stone (sample 1, Table 2) but 
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FIG. 1. 


thinner bedded, more poorly 


west of the Boys School, in the SW. 
and the 


Sec. 8, T. 35 N., R. 5 E., are as given in 
Table 3.” 


more cross-bedded, 


5 
more angular and less frosted 


12 Mineral analyses by Paul Herbert, Jr. in the St. Peter sandstone. 
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This sandstone is similar to the lower 
fine-grained part of the St. Peter sand- 


it is some- 


what finer grained, more cemented, much 








Location of outcrops and areal distribution of formations along part of Fox Valley 


, sorted, and 


grains are 
than those 
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SHAKOPEE DOLOMITE 


The Shakopee dolomite crops out 
along Fox Valley near Sheridan and Mil- 
lington (Fig. 1). Near Sheridan, 15—20 
feet of the dolomite is exposed on the 
west side of Fox Valley in and near an 


On the east side of Fox Valley the Shak- 
opee dolomite crops out along the south 
side of a ravine in the SW. + SW. 3 Sec. 
8, T. 35 N., R. 5 E., in washes on the sur- 
face of the terrace south of the ravine 
and along the bank of the river south to 


TABLE 1 


GEOLOGIC FORMATIONS IN AREA ALONG FOX VALLEY FROM AURORA TO WEDRON 


System Series Formation 


Pleistocene | 








| Niagaran 


Joliet 


Unconformity 


Silurian 
Alexandrian Kankakee 


} Edgewood 


Major unconformity 


Cincinnatian | Maquoketa 
Unconformity 
Galena 


*Decorah 

Mohawkian *Platteville 
oO ici ——<- Z ao eee 

rdovician Unconformity 


Approximate | 


Normal , 
E Materia 
Thickness aterial 
(Feet) 
Glacial drift 
Dolomite 
60 | Dolomite 
Dolomite 
| 
| . ° . 
150 | Shale, limestone, dolomite 





| Dolomite, limestone 
350 | Dolomite, limestone, shale 
Dolomite, limestone 


| Chazyan | St. Peter | 175 | Sandstone 
Major unconformity 
| | Shakopee 50 | Dolomite 
| Prairie du Chien | New Richmond 60 | Sandstone 
|*Oneota 145 | Dolomite (cherty) 
—_—__——_——— Unconformity | 
|*Jordan 30 Dolomite, sandstone, shale 
|*Trempealeau 200 Dolomite 
|*Franconia 140 Sandstone, dolomite, shale (glauco- 
Cambrian | St. Croixan | nitic) 
*Galesville 185 Sandstone 
|*Eau Claire 400 Sandstone, shale, dolomite 
|*Mount Simon I, 700 Sandstone 


: /— 
Major unconformity 
Pre-Cambrian | 


*Unexposed 


abandoned quarry in the NW. } NE. } 
Sec. 18, T. 35 N., R. 5 E., and along a ra- 
vine about roo yards north of the quarry. 
Small outcrops of the lower few feet of 
the formation occur farther north along 
ravines in the north part of Section 7. 


Igneous and metamorphic rocks 


near the center of Section 18, where 
about 25 feet of the dolomite is exposed 
in a recently abandoned quarry. About 
+ mile southwest of Millington, 3-5 feet 
of dolomite is exposed on a railroad cut 
near the center of the west line of the 








Daten 











NE. 3 Sec. 36, T.36N., R.5E., in a 
small quarry southeast of the railroad 
cut, and also in the south bank of Fox 
River extending west of the railroad cut 
for about 3 mile. About } mile northeast 
of Millington, 9 feet of Shakopee dolo- 


TABLE 2 
SIEVE ANALYSES OF SANDSTONES* 








SaMPLE No. | 
a | 
| I e #-% 4 
| Opening | 
Mesh | . | 
fee in Mm. } 
on (ote we wee gag re 
20.| 0.833 | 0.1 o.1 | Es A o.1 
28..| .589 0.2 2.2| 2.0 0.4 
35.. -417 | 2.9 26.6 | 30.0 ..2 
48..| .295 | 17.4] 37-8] 37-4| 6.4 
65.. 208 | 21.8] 16.0] 14.4] 22.0 
100. . 147 | 38.6 12.0 10.4] 58.8 
150..] .104 | 11.6 3.0 2.6| 10.0 
200..| .074 | 3.6 1.4 1.4 1.0 
270 053 0.8 0.4 0.2 o.1 
—270..| .02 1.2} 0.4 O01 We 
—0.02 | 2.2 0.4 1.4] 0.4 
Total)... |} 100.7 | 100.3 | 100.0} 100.4 
| 
Gradest | 
Coarse : I 10 II I 
Medium. . 29 66 66 15 
Pie... 58 21 18 80 
Very fine 9 2 3 4 
Silt and clay... 3 I 2 Tr. 


* Location of samples: 

1. St. Peter sandstone, lower 10 feet exposed above water- 
level in abandoned silica-sand pit north of Millington, in SW. } 
NW. 3 SE. } Sec. 19, T. 36 N., R.6 E. 

2. St. Peter sandstone, 15 feet exposed above sample 1. 

3. St. Peter sandstone, 15 feet exposed above sample 2, to 
top of pit. 

. New Richmond sandstone, 10 feet exposed along ravine 

south of Sheridan, in SW. 3 SW. } Sec. 8, T. 35 N., R. 5 E. 

¢t Wentworth scale; amounts approximate, estimated from 
cumulative curves of analyses. 


mite is exposed in an abandoned quarry 
on the northwest side of the Fox River, 
in the NE. } NW. Sec. 30, T. 36N., 
R. 6. E. One and a half miles northeast 
of Millington, on the northwest side of 
the Fox River, near the center of the 
N.E. 3 Sec. 19, T. 36 N., R. 6. E., about 
25 feet of dolomite is well exposed in an 
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abandoned quarry, known as “Brodie’s 
quarry,” and in outcrops near the quarry 
(Fig. 3). 

The exposed Shakopee consists prin- 
cipally of dolomite, much of which is 
sandy and argillaceous. It is highly vari- 
able in bedding, grain size, and porosity. 
Many of the more massive beds are brec- 
ciated or conglomeratic. The dolomite is 
mostly gray and greenish-gray, but the 
coarse-grained beds weather brown and 
the dense argillaceous beds weather 
gray or light buff. Some beds contain 
thin partings of green clay, and the 
highly argillaceous dolomite contains 
shale partings as much as 3 inch thick. 
Beds of medium to coarse-grained sand- 
stone as much as 1 foot thick are com- 
mon. 

Discontinuous beds of white odlitic 
chert as thick as 8 inches occur in nearly 
all outcrops of the Shakopee dolomite. 
Many of the odlites consist of alternating 
bands of white opaque and translucent 
chert. Some consist of rounded grains of 
clear quartz sand surrounded by white 
chert. The chert breaks across the oolite 
grains, including those with centers of 
quartz sand. Some of the chert is’ not 
oblitic and has a brecciated or conglomer- 
atic structure. It consists of somewhat 
rounded masses of dense white chert 
locally containing nests or streaks of 
round quartz sand grains. 

The sandstone beds in the Shakopee 
dolomite contain more garnet and ferro- 
magnesian minerals than do the New 
Richmond and St. Peter sandstones. A 
sample from the railroad cut southwest of 
Millington contained the heavy min- 
erals listed in Table 4." 

In Table 5 are listed the heavy min- 
erals found in a sandstone bed in an 
abandoned quarry north of Millington, 


13 Mineral analyses by Paul Herbert, Jr. 
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Fic. 2.—Cross-bedded New Richmond sandstone near mouth of ravine on east side of Fox Valley, 1 mile 
south of Sheridan, in the SW. + SW. ¢ Sec. 8, T. 35 N., R. 5 E. 














in the NE.} NW. } Sec. 30, T. 36N., Fossils are extremely rare in these 
4 4 3°; 3 y 
R. 6 E.4 strata. The only identifiable fossil found 
TABLE 3 was a high-spired gastropod of Canadian 
HEAVY MINERALS IN UPPER PART OF age." 

NEW RICHMOND SANDSTONE The character of the basal 18 feet of 
oes om dials —— = __ the Shakopee dolomite is revealed by an 
‘he ig >u- > Wy »dic > c 
emote | Zircon one icici Lanse Garnet OUtcrop at the sewage disposal plant of 
“ar (Percent-| p  cent-| Pereent-| percent-| Percent - the Boys’ School on the east side of Fox 
“ge) | age) | 8° | age) | “8° Valley, about 1 mile south of Sheridan. 
| setae te41 G81 4.5 oe The bottom : feet is a conglomeratic 
or.....| 26.1 | 56.3] 6.1 10.9 | 0.6 bed, above which the dolomite is argilla- 
: ae ae ; : ig _°3 — ceous, dense, fine-grained, and thin- 
94.....| 33-3 | 47-2| 5.6 13.2] 0.7 bedded and contains several thin beds of 
95 33-2| 49-7] 5-7 10.9 | 0.5 _ oh » Vile in. 
ml Gael Geel ae | kewl 3.% sandstone. Slightly higher strata are ex 
97.....| 22.1 | 60.1] 3.7 13.5 | 6.0 posed about roo yards south along a 

98 27.3] 44.5| 3-2 25.0] Tr. a a ee 
ce. ea) wel ot Pe small rav ine east of an old lime kiln. The 
160..:..| gts | 48.41. 3.2 17.0] Tr. strata consist of 2 feet of green dolomitic 

10f.....1 90:9 51.71 6.2 11.8] 0.6 oe i ae 2 ss] ty 
gs cel et as | wsl.....-. shale, overlain by 4-6 inches of odlitic 
103 260.4] 54.7| 4.6 13.9 chert and 1 foot of laminated dolomite, 

T......+)- 27-9 52.8 3.8 15.1 0.6 , 

105.....| 24.7] 60.8] 3.7 | 10.8 probably cryptozoan, and 3 feet of 
100.....| 32.6] 51.5] 3.1 12.8 |. brown, porous dolomite in 1- to 4-inch 
107 - f8.9 76.5 Cia 2 a R . : er . 
a os.6| 08) 3.8 ool i. beds. Higher strata are exposed in the 
recently abandoned quarry about 200 




















™4 Mineral analysis by Paul Herbert, Jr. *s Carl A. Bays, personal communication. 














yards south of the lime kiln and consist 
of the strata listed in Table 6. 
TABLE 4 


HEAVY MINERALS IN SHAKOPEE DOLOMITE 


Percentage 


(a II.2 
Tourmaline. . 32.8 
Leucoxene. . 34.4 
Ilmenite. . 7.2 
Garnet: 

White..... ; ce 2a 

Light pink. .. 0.8 

Brownish pink. . 0.8 
Pyroxene........ 5.6 

TABLE 5 
HEAVY MINERALS IN SANDSTONE BED 


IN SHAKOPEE FORMATION 


Percentage 


Zircon..... 10.4 
Tourmaline. 19.2 
Leucoxene 8.4 
Ilmenite . 0.4 
Garnet. . 62.6 


TABLE 6 
STRATA EXPOSED IN ABANDONED QUARRY 
SOUTHWEST OF BOys’ SCHOOL NEAR 
SHERIDAN 
THICKNESS 


Feet Inches 
Dolomite, argillaceous, brown- 
ish-gray, dense, 3- to 2-inch 
beds, shale partings....... 4 
Covered..... 5 


Dolomite, silty, brown, porous 
to dense, 2- to 4-inch beds. 1 ; 
Chert, white, odlitic..... - I 
Dolomite, sandy, brown, por- 
ous, 1- to 4-inch beds, green 
clay partings cae 
Dolomite, silty, mottled brown 


Le) 


i ae a IO 
Dolomite, shaly . - 2 
Dolomite, gray, dense, argilia- 

Spee er 8 
Dolomite, brown, porous I 6 
Dolomite, greenish-gray, 

slightly sandy..... 76 4 
Dolomite, brown, coarse- 

grained, massive......... 9 


Base concealed 
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Identification of these scattered out- 
crops as Shakopee is based principally 
on lithologic characteristics. Odlitic 
chert, thought to be diagnostic of the 
Prairie du Chien dolomites in this region, 





Fic. 3.—Shakopee dolomite in Brodie’s quarry 
1} miles north of Millington, in the center of the 
NE. j Sec. 19, T. 36 N., R.6E. 


although it is also found in conglomerates 
at the base of the St. Peter sandstone 
and the Platteville dolomite,® occurs in 
practically all the outcrops. On this 
basis some of the outcrops might belong 
to the Oneota dolomite. However, both 
the outcrop relations and the well data 
at Sheridan indicate correlation with 
the Shakopee dolomite, and the fact 
that all the other outcrops in the region 
are lithologically similar suggests that 


*6 Bays, personal communication. 
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they are not only Shakopee but even 
represent the same part of the formation. 


ST. PETER SANDSTONE 


The St. Petersandstoneisexposed along 
Fox River at the south edge of the area 
and also north of Millington. Two small 
outcrops at the south edge of the area 
represent only the lower few feet of the 
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exposed above water-level in a sand pit 
(Fig. 4) on the northwest side of Fox 
Valley in the SW. 4 NW. 3SE. j Sec. 
19, T. 36 N., R.6 E. The lower to feet 
of sandstone is fine-grained (sample 1, 
Table 2) and finely laminated. The fine- 
grained sandstone has a sharp contact 
with the overlying sandstone, which is 
medium-grained (samples 2, 3, Table 2) 





Fic. 4.—St. Peter sandstone in silica-sand pit 1 
t Sec. 19, T. 36 N., R.6E. 


formation, but a high bluff of the sand- 
stone occurs on the west side of Fox 
River in the central part of the NE. 
Sec. 19, T. 35 N., R. 5 E., just south of 
the area. The sandstone in these out- 
crops is lithologically similar to the fine- 
grained sandstone which comprises ap- 
proximately the lower half of the forma- 
tion in the vicinity of Ottawa. 

The St. Peter sandstone is well exposed 
in abandoned silica-sand pits on both 
sides of Fox Valley from 1 to 13 miles 
north of Millington. About 4o feet of 
white, loosely consolidated sandstone is 


mile north of Millington, in the SW. } NW. } SE. 


and mostly thin-bedded, contains some 
cross-bedded layers and is largely white 
with a few limonite-stained beds. 

The sandstone extends to depths of 
at least 25 feet, possibly 50 feet, below 
the top of outcrops of Shakopee dolo- 
mite which occur near by both north- 
east and southwest of the sandstone 
outcrops. Although the sandstone ap- 
pears to fill a channel eroded in the lower 
strata, the contacts are not exposed, and 
the relations may be explained by local 
folding, although the observable dips 
do not support such an explanation. 
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On the southeast side of Fox Valley 
about 20 feet of St. Peter sandstone is ex- 
posed in several sand pits along the 
Chicago, Burlington, and Quincy Rail- 
road, in Sec. 19, T. 36 N., R.6 E. The 
sandstone is similar in lithology to the 
upper medium-grained sandstone in the 
pit described above; but, because of the 
southerly dip, it is probably stratigraph- 
ically higher. 

The heavy minerals in the St. Peter 
sandstone consist almost entirely of zir- 
con and tourmaline, zircon usually pre- 
dominating. A sample from the pit for- 
merly operated by the Ballou White 
Sand Company, north of Millington, con- 
tained 70 per cent zircon and 30 per cent 
tourmaline.*? 


GALENA-PLATTEVILLE FORMATIONS 


The Galena, Decorah, and Platteville 
formations are present in the northeast 
part of the area, but only the Galena 
dolomite is exposed. 

The Galena dolomite crops out along 
Fox Valley near Millbrook and also from 
1 to 2 miles north of Millbrook. Near 
Millbrook 6 feet of Galena dolomite is 
exposed in a small abandoned quarry 
west of the road in the NE. } NE. } SE. 
1 Sec. 8, T. 36 N., R. 6 E. The dolomite 
is coarse-grained and porous, so that 
weathered surfaces appear sandy. The 
dolomite is gray in some relatively fresh 
beds, but it is mostly weathered brown. 
It contains streaks of green clay along 
the bedding-planes and in some of the 
massive beds. The thickness of the beds 
is variable, but generally on weathered 
faces they are shown to be less than 2 
inches thick. Some bedding-planes have 
conspicuous fucoidal markings. Many 

7 J. E. 
Illinois,” J71. 
p. 60. 


Lamar, “The St. Peter Sandstone of 
State Geol. Surv. Bull. 53 (1928), 
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beds are crowded with small intercon- 
necting masses of gray, white, and brown 
chert. Some of the chert is banded, and 
some contains small white round grains 
similar to, but smaller than, odlites and 
without concentric rings. The chert 
masses are extremely irregular in shape. 
Most of them have rounded outlines, but 
some have angular edges, as if they were 
broken fragments. A few poorly pre- 
served fossils are Galena in age." 

Other outcrops occur along a small 
valley tributary to Fox Valley about } 
mile southwest of the quarry described 
above, in the center SE. } Sec. 8, 
T. 36 N., R. 6 E. The dolomite is similar 
to that in the quarry but is generally 
more massive, with some beds 2 feet 
thick, and contains less chert. Most of 
these outcrops have been recently cov- 
ered by a small dam and flooded by a 
lake. Because of the local easterly dip, 
these strata probably underlie those 
exposed in the quarry. 

About 13 miles north of Millbrook the 
Galena crops out (1) in the banks of Fox 
River and in several small abandoned 
quarries near the old mill 13 miles north 
of Millbrook, in the E. } Sec. 4, T. 36 N., 
R.6E. (Fig. 1); (2) in an abandoned 
quarry and outcrops near the mouth of 
Little Rock Creek; and (3) along the 
southeast side of Fox River opposite the 
mouth of Little Rock Creek. Only 25-30 
feet of the formation is exposed. — 

The dolomite is medium-grained, por- 
ous, chert-free, mottled light and dark 
brown, and mostly massive but weathers 
to beds 2—4 inches thick. It is fossilifer- 
ous, and Receptaculites is common. As a 
well near the old mill penetrated 234 feet 
of the combined Galena-Platteville for- 
mations, the outcropping strata must be- 
long in the upper part of the Galena for- 
mation. 


*8 Bays, personal communication. 











STRUCTURE 
KANKAKEE ARCH 


The character of the Kankakee arch 
where it is crossed by the Fox River is 
shown both by the general distribution 
of the formations and by the dips of the 
strata in the individual outcrops (Fig. 1). 
The varying directions of dip indicate 
the complexity of the structure, which 
consists of a major arch with many 
smaller structures on its flanks. The re- 
gional subsurface data indicate that the 
Kankakee arch is asymmetrical with a 
southwest dip so much steeper than the 
northeast dip that it is essentially a 
monocline.*? 

Because of the scarcity of outcrops 
and their divergent dips, as well as the 
flatness of the crest of the arch, the exact 
position of the axis of the structure can- 
not be determined. However, as the 
study of wells has shown that, because 
of the major pre-St. Peter folding of the 
arch, the St. Peter sandstone overlies bas- 
al Ordovician or Cambrian strata along 
the crest of the arch, the principal axis of 
the structure is northeast of Brodie’s 
quarry, 15 miles northeast of Millington, 
where the Shakopee dolomite is present. 
It probably occurs in the vicinity of the 
Sandwich fault, about 4 miles northeast 
of Brodie’s quarry, along which the St. 
Peter sandstone generally overlies the 
Oneota dolomite or older strata. 


SANDWICH FAULT 

The stratigraphic relations revealed by 
certain wells in Kendall and DeKalb 
counties are best explained by the pres- 
ence of a fault which has been named 
the “Sandwich fault’? (Fig. 1). This 
fault is believed to be partly recorded by 
an escarpment about 20 feet high cross- 


19 Ekblaw, p. 1428 of ftn. 6 (1938). 
20 Payne, p. 186 of ftn. 8 (1942). 
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ing Fox Valley at the west end of the 
Galena outcrops. To the southwest the 
next bedrock exposures are about a mile 
down the valley and also consist of the 
Galena dolomite. However, a well in the 
valley-flat only a short distance south- 
west of the escarpment entered sand- 
stone, presumably St. Peter, at a depth 
of 50 feet below glacial drift. As the well 
on the Galena outcrop near the old mill, 
which is practically on the escarpment, 
encountered the top of the St. Peter 
sandstone at a depth of 234 feet, it in- 
dicates a displacement of at least 175 
feet, plus whatever has been eroded from 
the top of the St. Peter sandstone on the 
southwest side of the escarpment. If, as 
believed, the escarpment is the result of 
erosion of the less resistant St. Peter 
sandstone, leaving the more resistant 
Galena dolomite, the St. Peter sandstone 
once probably extended to the top of the 
escarpment, which indicates a minimum 
displacement of 234 feet. 

Although the relations of the strata 
could be accounted for by a very sharp 
monocline and the escarpment could be 
the margin of a preglacial valley, the 
postulation of a fault is favored because 
(1) there is no evidence that lower Galena 
and Platteville strata occur west of the 
escarpment, where, because they are as 
resistant as the upper Galena strata, they 
would be expected to crop out if they 
were present; (2) the apparent steepness 
and height (approximately 75 feet, in- 
cluding the buried portion) of the escarp- 
ment are unusual, even for preglacial val- 
ley walls, and imply an abrupt change 
in lithology, such as would occur if less 
resistant St. Peter sandstone and more 
resistant Galena dolomite were adjacent; 
(3) there is a sharp increase in dip from 
nearly horizontal to 4° at the escarpment, 
which may be the result of drag on the 
downthrow side of the fault; (4) the loca- 
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tion and the trend of the escarpment co- 
incide with the line of the fault as deter- 
mined from well data; and (5) samples 
from a well in the NE. } Sec. 9, T. 36 N., 
R.6E., along the line of the fault } 
mile southeast of Fox Valley, show a 
brecciated zone containing galena and 
sphalerite in the Galena dolomite, indi- 
cating fracturing and mineralization.” 


STRUCTURAL HISTORY” 

The Kankakee arch was formed dur- 
ing at least two periods of folding, the 
more important of which followed the 
deposition of the Shakopee formation. 
This structure was truncated by erosion, 
which in the first stage essentially pene- 
planed northeastern Illinois and in a 
later rejuvenated stage dissected the 
peneplain. This erosion removed all of 
the strata down to the Franconia forma- 
tion along the axis of the arch and down 
to and locally through the Oneota dol- 
omite northeast of the axis.” The dissect- 
ed peneplain was then covered by the 


2" Payne, “Discovery of Sphalerite and Galena 
near Millbrook, Kendall County,” Jil. State Acad. 
Sci. Trans., Vol. XXXI 


(1938), pp. 182-83. 


22 Ekblaw, ftn. 6 (1938); Payne, pp. 193, 195 of 
ftn. 8 (1942). 


23 The area of Shakopee dolomite underlying 
glacial drift in Secs. 13 and 14, T. 35 N., R.5E. 
(Fig. 1), as determined by well data, is presumably 
a hill created by this erosion and re-exhumed by 


preglacial erosion. 
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St. Peter sandstone, and this was in turn 
covered by Platteville, Decorah, Galena, 
and Maquoketa formations. 

Just when the later uplift of the arch 
occurred cannot be definitely determined. 
It may have occurred during any one or 
more of the several post-Maquoketa 
periods of folding that are known to have 
affected northern Illinois. One was at the 
close of the Ordovician period; another 
at the close of the Mississippian period; 
and a third after the deposition of Penn- 
sylvanian strata, probably at the close of 
the Permian period. Others may have 
occurred also at the close of the Silurian 
and of the Devonian periods. There is 
some evidence that the principal part of 
the later deformation occurred at some 
post-Silurian time and that the Sandwich 
fault was developed at the same time. 
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ABSTRACT 


On the higher parts of the volcano Mauna Kea no permanent streams exist and water supply is very 


limited, owing to the great porosity of the volcanic terrane and the small total annual precipitation 


But a 


well-distributed though limited supply of water comes from small ground-water bodies perched on or con- 
tained in sheets and lenses of glacial drift. These drift bodies, of four ages, are much less pervious than the 
enclosing lava flows and tuffs and lead to the emergence of small springs and seepage along canyon walls 
and the faces of dry waterfalls, where the contact between drift beds and overlying lavas is exposed. 


INTRODUCTION 


The few small springs on the glaciated 
peak of Mauna Kea in Hawaii are fed by 
ground water perched on and in glacial- 
drift deposits. Their presence is note- 
worthy because of the light they throw 
on geologic history and on hydrologic 
principles rather than for the amount of 
water produced. 

Springs in Hawaii fall into two chief 
categories: (1) high-level springs fed by 
ground-water bodies perched on or con- 
fined by intrusive bodies, ash beds, or 
modern or ancient soils and (2) basal 
springs fed from a great body of ground 
water which is kept in hydrostatic bal- 
ance with sea water at a few feet above 
sea-level. Where abundant ground water 
is yielded from permeable lava flows, 
both high-level and basal springs are 
very large, with discharges up to to or 
20 million gallons daily, which classes 
them as second-magnitude springs on 
the Meinzer practical scale.’ However, 
most of the high-level springs are much 
smaller, largely because dissection in the 


* O. E. Meinzer, “Large Springs in the United 
States,” U.S. Geol. Surv. Water Supply Paper 557 
(1927), p. 3. (Also in U.S. Geol. Surv. Water Supply 
Paper 404 [1923] p. 53-) 





rugged mountain watersheds commonly 
limits the areas of tributary infiltration, 
and competition between streams sets a 
limit to the amount of ground water that 
may emerge at one point. Similarly, the 
coast-line and valley-side discharge of 
basal ground water tends to be dispersed 
in many springs of relatively small size. 
The very large springs are found mostly 
where a cap of coastal sediments tends to 
concentrate the water or where there is 
a boundary between two geologic ter- 
ranes. The largest well-marked basal 
springs in the Hawaiian Islands are those 
which enter the several arms of Pearl 
Harbor.” 


CONDITIONS ON MAUNA KEA 


The importance of springs is closely 
related to the climate and water supply 
of the area in which they occur. In an 
arid climate large springs may be the 
focal points of the whole region, and scat- 
tered small springs may assume an im- 
portance which they would wholly lack 


2 J. F. Kunesh, Honolulu Board of Water Supply, 
Supplement 1931; H. S. Palmer, Honolulu Sewer 
Water Commission, Supplement 1927, p. 43; H. T. 
Stearns, and K. N. Vaksvik, “‘Geology and Water 
Resources of Oahu,” Territory of Hawaii, Division 
of Hydrography, Bull. 1 (1935), pp. 365-71. 




















in a humid region. This is peculiarly the 
case with the glacial springs on Mauna 
Kea, island of Hawaii (13,784 feet). The 
summit area of Mauna Kea above the 
7,000-foot level is about 15 miles in diam- 
eter and conical in form. The surface 
is a patchwork of three chief rock types: 
lava flows of late Pleistocene, basaltic 
cinders and scoria of comparable age, 
and scattered bouldery glacial drifts of 
two chief late stages* (Fig. 1). The cli- 
mate of the area above 7,000 feet is dry; 
only the lower eastern slope of the moun- 
tain receives more than 40 inches of 
rainfall annually, while the summit area 
probably gets less than 20 inches. There 
are-no perennial streams. In the bowl 
of Waiau cinder cone there is a small 
lake at 13,000 feet, which overflows at 
times but is shrunken in area and low- 
ered in surface level during much of the 
year (Fig. 2). The lake margin freezes 
each night and thaws during each day of 
the year, with perhaps rare exceptions. 
As in many other parts of Hawaii, the 
hiker on Mauna Kea cannot expect to 
secure drinking water except at Lake 
Waiau, at some of the springs here de- 
scribed, or from snowdrifts or water- 
filled potholes and hollows in the scoured 
bedrock of some of the steep channels 
soon after rains. 

Conditions on Mauna Kea favor rapid 
percolation of most rain and meltwater 
from the winter snow. Toward high- 
er elevations rock-weathering becomes 
progressively more physical in type. 
Rock-splitting by frost is notable, with 
extensive development of stone stripes, 
stone nets, and edgewise packing of rock 
chips. As soils are but feebly developed, 
the lava flow and cinder terranes are very 
permeable. The glacial-drift deposits— 

3C. K. Wentworth, and W. E. Powers, “Multiple 


Glaciation of Mauna Kea, Hawaii,” Bull. Geol. Soc. 
Amer., Vol. LII (1941), pp. 1193-1218. 
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particularly those of the three earlier of 
the four stages—are mostly somewhat 
less permeable than the other rocks, 
though really dense, gumbo-like till of 
the continental type is limited. It isin and 
on such lenses of glacial drift, in part 
buried under late lava flows, that the 





Fic. 1.—West wall of Waikahalulu Gulch on 
south side of Mauna Kea at about 9,800 feet eleva- 
tion. Depth of section exposed about 220 feet. 
Center of section, partly covered by talus, is 90-foot 
bed of ancient bouldery tillite, resting on tuff and 
thin flows below and overlain by tuffaceous and mas- 
sive flows above, the latter forming the dark cliff. 


ground water supplying the glacial 
springs is concentrated. 


LARGE SPRINGS 

The largest springs on Mauna Kea 
are found at several points in the Waihu 
branch of Pohakuloa Valley, on the 
southwest slope between 8,900 and 
10,400 feet. Another is in the head of 
Waikahalulu Valley at about 11,000 
feet.4 None of these individual springs 


4 These and other points on Mauna Kea are 
shown on the Mauna Kea and Waikii, Island of 
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was discharging more than 15-20 gallons 
per minute when seen by the writers in 
1937 and 1939, but the total discharge 
of the several springs in Waihu Gulch 
would probably exceed 100 gallons a 
minute if it could be properly collected 
at the points of issue. The upper part of 
the Waihu springs area forms, in sum- 
mer, a notably green little valley with 
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from the springs are numerous small 
heaps of pre-European stone-adz work- 
ings. Certain lava caves contain evi- 
dence of habitation, suggesting that the 
springs were frequented by adz workers. 
The latter not only secured adz material 
from lava flows in place but carried on a 
surprising amount of casual prospecting 
on dense basalt boulders included in the 





Fic. 2.—Lake Waiau, elevation 13,000 feet. The water is retained in a cinder crater and rarely over- 
flows through the breach at the right. Almost no plants grow on the porous cinders and rock fragments that 


form the surface here. 


many small patches of lush grass quite 
in contrast to the almost complete bar- 
renness of the surrounding terrane, which 
is above timber line. One section of the 
valley is isolated by the steep walls of 
thick lava flows, above and below which 
are stone walls built many years ago as 
a trap in which to impound wild cattle 
that frequented the spring area. The 
last of the wild cattle have been killed, 
but a few skulls were to be seen in 1939. 

In the area to the east and up the slope 


Hawaii, topographic quadrangle maps of the U.S. 
Geological Survey (scale 1: 62,500). 


moraines and outwash strewn several 
thousand feet down the mountain. 


SMALL SPRINGS AND SEEPS 


In addition to these larger springs 
there are some dozens of smaller seeps 
where trickling water or greener vegeta- 
tion shows the emergence of small 
amounts of ground water. A few of these 
are at points on the morainic surface 
where permeable lenses outcrop. But 
more commonly these seeps occur in 
stream valleys where erosion has broken 
through a massive lava flow, forming a 
fenster-like opening that discloses less re- 




















sistant but more impervious glacial drift 
below. Save for scattered surface cinder 
cones, the upper part of Mauna Kea 
consists of alternating beds of massive 
lava, slaggy lava, cinders, and a few 
lenses and beds of glacial drift. (Figs. 1 
and 3). These strata lie nearly parallel 
to the general slope of the mountain. 
Particularly massive lava beds tend to 
form the bottoms of radial valleys, but 
unequal stream attack has commonly 
broken through the resistant lava bed 
at one or several points. Continued en- 
largement of these “‘fensters” has devel- 
oped a stairlike valley profile, in which 
stretches of valley bottom of gentler 
slope than the lavas composing the vol- 
cano alternate with steep or vertical dry 
waterfalls from a few to 50 feet in height 
(Fig. 4). In some instances the dry fall 
and its enclosing valley sides form a 
cirquelike amphitheater on a small scale. 
If glacial drift is the softer material below 
the massive lava, a seepage zone or 
spring usually occurs on the face of the 
dry fall or in a similar stratigraphic po- 
sition on the valley sides. 

One of the larger seeps of this type 
was the site of a three-day camp in 1939. 
This seep occurs on the face of a dry 
waterfall at about 10,100 feet, in a small 
gulch about 1 mile east of Pohakuloa 
Gulch. The cirquelike portion of this 
gulch is about 80 feet deep and 250 feet 
wide, with a massive lava flow 10-20 
feet thick near the upper edge. Above 
the “‘cirque”’ the stream channel is ereded 
in the thick surface flow and in places 
cuts through it in short fenster-like open- 
ings whigh expose the underlying bed of 
glacial drift; but this upper channel is 
nowhere so deep as the canyon below. 
Some of the fensters are alcoves 10-15 
feet deep, and nearly all show some seep- 
age of ground water at the top of the 
undercut drift bed. The dry fall at the 


GLACIAL SPRINGS ON THE ISLAND OF HAWAII 








545 


head of the main canyon has a nearly 
vertical face 40 feet high, with a lip 
formed of the thick lava flow. Under the 
massive lip, and undercut 1-5 feet in 
various places, is a bed of earthy glacial 
drift with boulders and blocks up to 2 or 
3 feet across. A similar undercutting ex- 





Fic. 3.—Massive lava flow overlying boulder 
bed. The boulders are faceted and in part striated, 
and are set in a finer tuffaceous matrix. This ancient 
till forms a spring horizon. 


tends along the valley sides but is ob- 
scured by talus at most places. A sim- 
ilar stratigraphic section continues down 
the valley, with the stream channel, 
lava flows, and mountain surface all es- 
sentially parallel at a slope of about 1,500 
feet to the mile. Ferns, mosses, and other 
plants grow in the alcove where the 
glacial drift is exposed, and some mois- 
ture is seen at all seasons. During our 
visit in July, 1939, the yield of seepage 
at one point was approximately 5 gallons 
a day, which sufficed for three men; but 
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considerably more could be collected by 
digging and by a suitable catchment 
structure. Even the present small a- 
mount was an attraction for feral goats 
and pigs, as shown by trails and by 
twilight and daybreak glimpses of these 
animals. 


IMPORTANCE OF SPRINGS ON MAUNA KEA 


That tiny springs should assume such 
importance is a revealing commentary 
on the water supply of upper Mauna 
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sheep, the Forestry Department con- 
structed seven cabins at the upper limit 
of forage for pack and riding animals. 
Water supply for these cabins is from 
roof-catchment and is stored in redwood 
tanks. This supply is enough for occa- 
sional small parties authorized to oc- 
cupy these cabins, but rainfall is so vari- 
able that during the use of these camps 
continuously for parties of C.C.C. work- 
ers close planning and frequent moving 
of parties was required. 
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Fic. 4.—Section taken along Pohakuloa Gulch, south side of Mauna Kea, showing stairstep profile of 
gulch bottom (heavy line) developed in alternating lava and till units. 


Kea. The only really permanent source 
is Lake Waiau, at 13,000 feet (Fig. 2). 
This lake at low water is about 1.5 acres 
in area and holds probably somewhat less 
than 2,000,000 gallons. It is fed by rain 
and snow from an area of approximately 
40 acres. The total annual supply is 
probably no more than 25,000 gallons 
daily; and, of this, only a small fraction 
could be recovered for use by man. 

On Mauna Kea a supply of water is 
necessary not only for exploration but 
also for the proper patrolling of the 
mountain by the Forest Service. While 
building a wire fence around the upper 
mountain as a means of controlling feral 





The larger C.C.C. camp at Pohakuloa 
channel at the base of Mauna Kea, 5 
miles west of Humuula, in 1939, took 
most of its water supply from a small 
spring at above 8,500 feet west of Waihu 
Gulch. The spring occurs above a bed 
of ash containing scattered pebbles, over- 
lain by tuff and lava. Although the im- 
pervious material does not appear to be 
a till, it lies at the stratigraphic level of 
one of the older glacial drifts. In 1939 
the water was caught behind a small 
earth dam in a niche excavated at the 
level of the pervious tuff and was con- 
ducted by a 13-inch pipe to Camp Poha- 
kuloa, 2,600 feet below. Recently the 

















pipe line serving this camp, now oper- 
ated by the U.S. War Department, En- 
gineers Corps, has been extended to the 
upper group of Waihu springs. 


SUMMARY 

In summary, the following are the 
salient facts: 

1. Upper Mauna Kea is essentially a 
periglacial desert, with fairly frequent 
drifting fog, squalls of cold rain, and fal- 
ling snow during any month of the year 
but with total annual precipitation un- 
der 20 inches for most of the area. 

2. Of the three types of surface forma- 
tions, only the glacial drift is sufficiently 
tight to perch water over any consider- 
able area. A number of small springs 
caused by this drift form, with Lake 
Waiau and a few small snowdrifts that 
last into the summer, the only sources of 
water on upper Mauna Kea. 
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3. Most of these springs are at the 
contact of everlying lava flows on glacial 
drift; a few emerge directly from the 
drift where there are no near-by lava 
flows. 

4. Chief source of the springs is the top 
of the Waihu drift, next to the youngest 
of the four drifts found on Mauna Kea. 
The Waihu drift is not buried so deeply by 
lavas, nor is it so much indurated as the 
two earlier drift formations. Springs 
and seeps are also caused by the older 
drifts, where these are exposed in deep 
gulches. 

5. None of the springs is larger than 
the fifth magnitude; and many are ex- 
tremely small, of tenth or eleventh mag- 
nitude. Because of the dry character 
of the area, itself striking for Hawaii, 
these springs are notable and of appre- 
ciable practical significance. 
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ABSTRACT 

The reported findings of remains supposedly of Homo primigenius in the Tarija Basin in southern Bolivia 
and the doubts connected with the stratigraphic position of these remains have moved the writer, at the kind 
request of Professor Paul Rivet, former director of the Musée de |’ Homme of Paris, and the special invitation 
of the Bolivian government, to undertake a field investigation of the occurrence in question. 

Thus, it could be clearly established that these human skulls and other skeletal parts in the Tarija Basin 
have no relation to the Pleistocene mammal fauna and are evidently remains of the much later pre-Colom- 
bian man. 

INTRODUCTION The first important investigations and 
findings in the Tarija Basin were, how- 
ever, made by Weddel in 1845. Of the 
many fossil remains obtained by Weddel 
from Tarija, some specimens were placed 
in the Paris Museum, and these have 
served for many early paleontological 
studies, particularly by P. Gervais in 
1855. 


At the kind request of Professor Paul 
Rivet, former director of the Musée de 
l’Homme of Paris, the writer was urged 
to undertake a geological and, as far as 
possible, stratigraphical study of the fa- 
mous fossiliferous Tarija Basin in south- 
ern Bolivia, partly to clear up doubts 
regarding the supposed findings of fossil 
man (Homo primigenius) claimed by The next search for fossils was under- 
some anthropologists. Using the special taken by E. de Carles in 1888 for the Bue- 
invitation of the government of Bolivia nos Aires Museum. The material gath- 
extended in 1941 with the assistance of ered by De Carles was studied later by 
Dr. Vellard, director of the National Burmeister in 1889 and by Ameghino in 
Museum of La Paz, the writer visited the 1902. E. Nordenskjéld also, in 1go2, 
Tarija Basin during the second half of gathered large collections of the Tarija 
November, 1942, and was able to gather fossils, which were sent to Sweden and 
enough observations on the sedimenta- remain only partly described to the pres- 


tion of the basin to give a clear insight ent day. 


into the problem with the solution of In 1903 a French scientific mission 
which he had been intrusted. under G. de Crequi-Montfort acquired 
a great collection of fossils from Tarija 

HISTORICAL DATA belonging to Senor M. Echazu. This col- 


The mammal fossils of Tarija were lection was sent to the Paris Museum 
already known in the eighteenth century and served as a foundation for the clas- 
and were mentioned by several authors sical work on the Mammal Fossils from 
of that time as “bones of giants.” Tarija by Marcellin Boule, published in 

Alcide d’Orbigny was the first scien- 1920. This work is the most complete 
tist (1832) who referred to the fossils of study of the Tarija fossils thus far made. 
Tarija as such, and in the account of his_ It suffers, however, from two defects: 
travels he described a lower jaw of a_ the fossils were acquired and not ex- 
mastodont from Tarija. tracted im situ, and the study lacks a 
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geological and stratigraphical description 
of the basin. 

In 1925 the Field Museum of Chicago 
undertook excavations in Tarija under 
Mr. Riggs, and several complete fossil 
specimens were obtained from the Tarija 
Basin in situ. There is no record of any 
complete fossil skeletons from the Tarija 
Basin other than those found by Riggs. 

In 1928 the Museo de La Paz acquired 
a large collection of the Tarija fossils. 
But, unfortunately, from this material, 
as from that in the other acquired collec- 
tions, despite the great number of fossil 
members and fragments of different 
mammals, it seems impossible at present 
to assemble a single complete specimen. 
In general, the collections made by the 
local inhabitants consist of fragments 
gathered at random or at the cost of 
many fossil specimens thoughtlessly de- 
stroyed in order to obtain some con- 
spicuous part of the buried fossil. Con- 
sequently, it is necessary to undertake 
additional and scientifically directed ex- 
cavations to complete the study of the 
mammal fossil fauna of the Tarija Basin. 

As it is, the collection in the La Paz 
Museum remains undescribed, and the 
writer could see there many species not 
mentioned by M. Boule or any later 
paleontologist. 


PHYSIOGRAPHY 

Tarija is situated in approximately 
Lat. 21°33’ S. and Long. 64°46’ W., about 
50 km. north of the Argentine border. 
The basin proper extends for about 60 
km. in a northwest-southeast direction 
and, as the map (Fig. 1) shows, is some- 
what irregular in outline. Its average 
elevation is about 1,950 meters above 
sea-level. The flattish floor of the basin 
is deeply dissected by canyons and dry 
river beds forming a“‘badland” landscape 
and is surrounded by high and abrupt 





THE FOSSILIFEROUS BASIN OF TARIJA, BOLIVIA 





549 


mountains reaching 3,000-4,000 meters 
in elevation. To the west extends the 
Serrania de Tarija; to the north, the 
Serrania de Gamoneda; to the east, 
Morros Blancos; and, to the south, the 
Cordillera de Pabellon. 

Drained by the Rio Guadalquivir and 
its many small tributaries which form 
the upper course of the Rio Tarija, the 
basin narrows to the south and ends at 
Angostura, where the river enters a nar- 
row gorge cut in the basement rocks. 
Thus the Tarija Basin is an isolated de- 
pression surrounded by high mountain 
massifs, which were the source of the 
Tarija Basin’s younger sedimentation. 


GENERAL GEOLOGY 


The surrounding mountains and the 
floor of the basin are apparently made 
up, in considerable part, of Lower Devo- 
nian rocks, judging by the numerous 
fossils found by the writer near Piedra 
Pintada, and comprise the following 
typical fauna:* Spirifer antarcticus M. 
Sh., Tentaculites crotalinus Salt., Lepto- 
coelia flabellites Conr., Conularia sp., etc. 
This Devonian formation, which prob- 
ably grades into Silurian, consists of a 
very thick succession of light-gray mica- 
ceous shales and quartzitic sandstones. 
Its thickness may exceed 3,000 meters. 
Beyond the Serrania de Tarija occur the 
only known Cambrian rocks in Bolivia, 
which appear intensely contorted, partly 
metamorphosed, and traversed by nu- 
merous quartz veins. 

Structurally the Tarija Basin lies 
along a conspicuous synclinal depression 
which extends north and south. Two 
narrow anticlines are clearly visible to 
the east and west of it. Although con- 
spicuous faults were not seen in the 

* Some of these fossils were deposited by the writ- 
er with the Museum of the Direccion de Minas of 
La Paz. 
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Fic. 2.—The Tarija Basin looking south 





Fic. 3.—The two sedimentary levels in the basin, the higher one visible to the right 
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basin, it is very probable that such exist 
in the bedrocks to the south. It seems to 
the writer that the deep depression of 
Tarija is primarily a structural feature, 
modified by erosional and depositional 
processes.* 
STRATIGRAPHY 

The relatively young sedimentary ma- 

terial that rests on the floor of Paleozoic 
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the sediments are adjusted to the topog- 
raphy of the basement and dip away 
from the mountain fronts. These are 
called the “Tarija beds,” and they can 
be divided stratigraphically into two dis- 
tinct groups. The lower group consists of 
a series of clay beds of light-greenish to 
brown-reddish color. This group may 
reach up to 30 meters in thickness, de- 


Fic. 4.—The strata of the Tarija Basin where numerous fossils were found 


rocks forms a cover, about 50 meters 
thick, of horizontal layers in the central 
part of the basin, but along its borders 


2[Eprtor’s Note.—For a study of the general 
region of which the Tarija Basin is a part see Isaiah 
Bowman, “The Physiography of the Central An- 
des,” Part II: “The Eastern Andes,” Amer. Jour. 
Sci., Vol. XXVIII (1909), pp. 373-402, and “The 
Andes of Southern Peru,”’ Amer. Geog. Soc., 1916, 
pp. 336. The work of Bowman, who was the first 
trained physiographer to make field studies in the 
central Andes, has stood the test of time; and the 
main outlines of the late geologic and physiographic 
history which he established have been followed by 
the subsequent students of the region. Unfortunate- 
ly, some confusion has been introduced into the 





pending on the topography of the under- 
lying bedrock. 


literature by later inadequate references and mis- 
leading citations. For example, an erroneous impres- 
sion has been produced by quoting Steinmann’s 
paper of 1929 in connection with the peneplanation, 
uplift, and lake system of the central Andes. Stein- 
mann’s physiographic conclusions were borrowed. 
For further reading see Oscar Schmieder, “The East 
Bolivian Andes South of the Rio Grande or Gua- 
pay,” Univ. Calif. Publ. Bull. Dept. Geog., Vol. II, 
No. 5 (1926), pp. 85-210, and H. P. Moon, “The 
Percy Sladen Trust Expedition to Lake Titicaca in 
1937 under the Leadership of Mr. H. Cary Gibson,” 
Part III: “The Geology and Physiography of the 
Altiplano of Peru and Bolivia,” Trans. Linnean Soc. 
of London, Vol. I, Part I (3d ser., 1939).] 














A lignitic bed can generally be traced 
in the upper part of this sequence. The 
lignite is very poor in quality with dis- 
tinguishable vegetable fragments and 
some semidecomposed wood, the thick- 
ness of this lignitic bed ranges from 5 to 
30 cm., depending on the distance from 
the periphery of the basin, generally 
thinning and disappearing away from its 
central parts. In this whole group of 
sediments, which we shall distinguish as 
“Horizon A” of the Tarija beds, gypsum 
crystals and occasional stringers seem to 
be quite abundant. 

Concordantly overlying Horizon A, 
there extends all over the basin a group 
of upper sediments, “Horizon B,” con- 
sisting generally of a very fine clay- 
sandy material that can be best described 
as a “loess.”” The loess of Horizon B 
has a light gray to gray-yellowish color, 
is very soft, and crumbles to dust when 
hit with a hammer. The loess appears in 
a succession of layers distinguishable by 
their lighter or darker coloring, evidently 
due to differences in organic content. 
The total thickness of Horizon B is gen- 
erally less than 20 meters. 

Two ferruginous layers form conspi- 
cuous markers in the upper part of the 
Horizon B, and there are also one or two 
conglomeratic beds ranging in thickness 
from 20 cm. to 2 meters. The conglom- 
erate is composed chiefly of quartzite, 
with some boulders as much as 20 cm. 
in diameter. As a rule, however, it is a 
small-pebble conglomerate where occur- 
ring far from the Guadalquivir Valley; 
only near the valley, at some 20 meters 
above the present river bed, does it con- 
sist of larger pebbles and become a boul- 
der conglomerate. 

As may be observed in the deep gorges 
cut by the numerous streams of the 
basin, two distinct episodes of erosion 
affected Horizon B, and these can be 
clearly distinguished by the two succes- 
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sive levels of erosional terraces. Appar- 
ently, during the first period the main 
river courses were outlined, while during 
the second period, of more active erosion, 
the whole drainage system has been ac- 
centuated and the basin covered with 2 
network of streamlets that produced the 
present characteristic badland topog- 
raphy. 

It seems probable, from the character 
of the sediments and the regional topog- 
raphy, that the basin was, until relative- 
ly recent times, occupied by a vast lake, 
which was probably emptied through 
the present-day gorge of Angostura, to 
the southeast of the basin. The two ero- 
sion cycles visible in the Horizon B beds 
would thus correspond to two periods of 
uplift and rapid drainage of the former 
lake basin. 

The mammal fossils in the Tarija Ba- 
sin are found mainly in the upper part of 
Horizon B and are generally associated 
with, or found in, the ferruginous layers. 
Here apparently are found the most com- 
plete skeletons. In the lower parts of 
Horizon B the fossils are more fragmen- 
tary and less abundant. They are not 
known to have been found in Horizon A. 
The age of Horizon B can hardly be 
older than Middle to Upper Pleistocene, 
and Horizon A probably is of early Mid- 
dle Pleistocene age. 


THE TARIJA FAUNA AND ITS AGE 


The total number of fossil mammals 
found and described from the Tarija 
Basin up to the present is about thirty- 
five. These are species of large mammals, 
and all have been known previously and 
described either from Patagonia and 
other parts of Argentina or from Brazil, 
Ecuador, or Peru. The majority of the 
thirty-five species and more than half of 
the twenty-eight genera represented are 
now extinct. 

M. Boule lists the following species as 
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the total found in the Tarija Basin up 
to 1920. 


Mastodon andium Cuv. 

Tapirus ct. americanus Linne (T. tarijensis 
Amegh.) 

Hippidium neogaeum Lund. 

Onohip pidium devilleei P. Gerv. 

Equus andium vranco, var. insulatus Amegh. 

Dicotyles cf. mayor Lund. 

Cervide ind. 

Paleolama weddelli P. Gerv. 

P. crequii nov. sp. (et variete provicugna nov.) 

Hemiauchenia cf. paradoxa H. Gerv. et Amegh. 

Lama castelnaudi P. Gerv. et variete prehuan- 
aca 

L. intermedia P. Gerv. 

L. mesolithica Amegh. 

Toxodon cf. platensis Owen 

Macrauchenia patagonica Owen 

Glyptodon clavipies Owen 

Dasypus cf. villosus Desm. 

Dasypus cf. sexcinctus Linne 

Tatusia grandis Amegh. 

Megatherium americanum Blu. (var. tarijensis 
Amegh.) 

Lestodon armatus P. Gerv. 

M ylodon robustus Owen (var. tarijensis Amegh.) 

Scleidotherium tarijense P. Gerv. 

Sc. partrium Amegh. 

Ctenomys subassentiens Amegh. 

Myocastor coypus molina 

Hydrochoerus capybara Erixl. (var. tarijensis 
Amegh.) 

Arctotherium tarijense Amegh. et A. wingei 
Amegh. 

Palaeocyon tarijensis Amegh. 

Canis proplatensis Amegh. 

Conepatus cf. suffocans Illig. 

Felis platensis Amegh. 

Smilodon neogaeus Lund. (var. ensenadensis 
Amegh.) 


Most of these species studied by Boule 
show rather primitive characteristics and 
were considered by the paleontologists 
Gaudry, Zittel, Ameghino, and others 
who preceded Boule to be of Pliocene 
age. However, the findings in later years 
of the same species in the caves of Lagoa 
Santa in Brazil, in the sand dunes near 
Buenos Aires, in the superficial loess of 
the Argentine pampas, and finally the 








fossil remains of equidians and edentates 
with remains of the hides and even flesh 
in the caves of Ultima Esperanza in Ar- 
gentina clearly suggest a much more 
recent age of these fossils than formerly 
thought. At present most geologists who 
have studied the Argentine ‘‘Formacion 
Pampaana” agree that the age of this 
formation, where the greatest number of 
the mammal fossils is found, is undoubt- 
edly Pleistocene. Boule, at the conclu- 
sion of his work, pointed out the Pleisto- 
cene age of the Tarija fauna. 

Species identical with or related to 
these described by Boule have been 
found in the following parts of South 
America, where they were observed on 
different occasions by the writer per- 
sonally: in Venezuela in the Barquesi- 
meto Basin and in Tachira; in Colombia 
in the Cucuta Basin, in Antioquia, in the 
Bogota Basin, and in the area near Cali; 
in Brazil, in the Amazon Basin north of 
Manaos, in the upper Jurua River in the 
territory of Acre. In Bolivia mammal 
fossils were also seen by the writer in the 
Cochabamba Basin and reported from 
the La Paz Basin. Of course, besides 
these new localities, there must be many 
others throughout South America which 
have so far remained unnoticed. 

While most of the fossils recently dis- 
covered in these new localities are of the 
same species described by Boule from 
Tarija, some are presumably different, 
as Boule himself recognizes. These dif- 
ferences can be due to different geo- 
graphical conditions and need not neces- 
sarily mean a great difference in geolog- 
ic age. By the drastic climatic changes 
that probably took place and conse- 
quently affected the vegetation, the rap- 
id extinction of a great and varied mam- 
mal fauna of this continent in a relatively 
short time between the Pleistocene and 
the present can be explained. 




















REMAINS OF ‘“‘FOSSIL’’ MAN 


Some Bolivian anthropologists have 
persistently claimed that remains of 
man, Homo primigenius(?), have been 
found in the Tarija beds occurring to- 
gether with the above-mentioned fossil 
mammals. Several human skulls are 
even exhibited in the Museo Nacional de 
Tiahuanaco, as supposedly belonging to 
the “fossil man” of Tarija. The writer’s 
observations in the Tarija area and in- 
quiries on that subject, however, have 
yielded quite negative results. 

Human skulls and bones, pottery, and 
numerous artifacts of flint are indeed 
found in abundance at several archeo- 
logical sites in the Tarija area. These, 
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however, should be attributed to the late 
pre-Colombian or even more recent in- 
habitants of the region. The human re- 
mains are often washed out by rains and 
flooded rivers from their burial sites, 
generally near river banks, and thus can 
be found in the river beds together with 
fossil and other debris carried down by 
the same streams. This accidental occur- 
rence of modern human remains above 
the fossiliferous beds of Tarija has ob- 
viously nothing in common with the fos- 
sil mammal fauna of Tarija. 

The writer is thus able to rectify a 
mistaken belief that obviously has no 
geological foundation and thus be of 
some help to anthropologists. 














Climatic Accidents in Landscape-making. By C. 


A. Corton. Wellington, N.Z.: Whitcombe 


& Tombs, 1942. Pp. xx+354; pls. 58; figs. 
149. 30S. 


This volume is the sequel to Landscape as 
Developed by the Processes of Normal Erosion by 
the same author. The climatic accidents are 
those of Davis, that is, change to aridity and to 
glaciation. The first nine chapters are devoted 
to dry-climate landscape types and the last fif- 
teen chapters to glaciated landscapes. The au- 
thor stays closely to the geomorphology of land 
forms. He carefully gives the rival views of all 
controversial issues and in most cases refrains 
from passing judgment, though by phrasing he 
leads the reader toward an opinion. He devotes 
a short chapter to wind-work in arid regions, a 
short chapter to Davis’ arid cycle, and four 
chapters to pediments and erosion forms in some 
arid regions. The African inselbergs and plains 
he describes thoroughly and ascribes to a new 
type of cycle which he calls “Savanna Cycle.” 
In it the inselbergs rise abruptly from broad 
stream-cut plains. The heavy seasonal rainfall 
of the savanna climate is considered responsible 
for this type of landscape. At the end of this 
first part of the book on dry climates he sum- 
marizes three types of landscape cycles: (a) arid 
conditions of wind-excavated hollows, rock 
floors, and narrow pediments; () semiarid con- 
ditions of scarp retreat and pedimentation to 
form, finally, coalescing pediments; and (c) 
savanna-climate conditions of extensive plains 
of lateral river planation and steep-sided insel- 
bergs. This classification is a significant con- 
tribution to geomorphology. 

In Section II, on glaciated landscapes, the 
bulk of the discussion is devoted to glacial sculp- 
ture of mountains. There is a lengthy discussion 
of glacier motion following the theories of T. C. 
and R. T. Chamberlin. In describing the load 
which a glacier transports, the author uses 
“moraine” as a general term for all rock debris 
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on or in a glacier. This usage is confusing in 
the text where the word is used both for material 
and for a topographic form such as ‘“‘a terminal 
moraine.” There is a growing tendency, in 
America particularly, to designate the material 
in and on the glacier as debris, that which has 
been liberated from the glacier as drift, and to 
retain the word ‘‘moraine” for the land form. 
Such a usage by Cotton would have avoided 
some probable confusion among his readers. 
The cycle of mountain glaciation is presented in 
a somewhat rambling way. Cirques and cirque- 
forming processes are well handled. A consider- 
able discussion of glacial troughs presents the 
hypothesis of deepening versus widening and 
concludes in favor of the former. Space is de- 
voted to detailed presentation of hanging val- 
leys, truncated spurs, mammillated landscapes, 
glacial terraces, riegels and basins, fiords, bas- 
tions, shoulders, and a chapter on the doctrine 
of glacial protection, which doctrine is shown to 
be of only limited applicability, as in Antarctica. 
The chapter on morainic constructional forms is 
devoted chiefly to moraines of mountain gla- 
ciers. The moraines of continental glaciers re- 
ceive very little attention. The concluding 
chapter on “Proglacial Accumulations” de- 
scribes only briefly the major types of fluvio- 
glacial deposits. The presentation of kames and 
kame terraces is only fair and that of eskers is 
inadequate. 

The book as a whole is a scholarly compila- 
tion and presentation of the literature. It 
should prove useful to advanced undergraduate 
and graduate students. It is thoroughly docu- 
mented with footnote references—up to four or 
five at the bottom of practically every page. 
From the student’s point of view it would have 
been less distracting to have placed the refer- 
ences at the end of each chapter. The book is 
well illustrated by many original line drawings 
and by a large collection of excellent photo- 
graphs in the fifty-eight plates at the end. 
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THEIR strumental in enriching life. Each ele- 
ment is fully described; its uses, both 
NATURE, OCCURRENCE alone and in compounds, are ex- 
AND USES plained; and the minerals from which 
it is derived are described. A note- 
worthy textbook. $6.00 
By 


R. D. GEORGE 
hited icediinnae of Craitens D. Appleton-Century Co. 


University of Colorado 35 West 32nd St., New York 1, N.Y. 
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In Press—Ready Soon 


MILITARY MAP INTERPRETATION 


By A. K. Loprcx 
Professor of Geology, Columbia University 


and Captain WentWwortH J. Teiiineton, U.S. Army 


Meets the urgent need for an authoritative text that provides in a single vol- 
ume a complete yet simple presentation of the fundamental methods and mod- 
ern applications in map reading. The book points out the habits and attitudes 
needed in fine map reading, and tells how to visualize and understand the 
landscape depicted in maps and the common use of air photographs. 


Send for a copy on approval 


McGRAW-HILL BOOK COMPANY, Inc. 
330 West 42nd Street New York 18, N.Y. 
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